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Apical Protein Transport: The Role of FIP5 in Epithelial Lumen Morphogenesis 
Thesis directed by Associate Professor Rytis Prekeris. 
 During the morphogenesis of the epithelial lumen, apical proteins are transported 
via endocytic compartments to the site of the forming lumen, although the machinery 
mediating this transport remains to be elucidated. Rab11 GTPase and its binding protein, 
Rab11 Family Interacting Protein 5 (FIP5), are important regulators of apically-directed 
endocytic transport in polarized cells. Here, we characterize the role of FIP5 and sorting 
nexin 18 (SNX18), a membrane tubulation factor, in intracellular transport. Using a 
combination of shRNA-based protein knockdown in Madin-Darby Canine Kidney 
(MDCK) cells with electron and fluorescent microscopic analysis, we report that FIP5 
mediates the transport of apical proteins from apical endosomes to the apical plasma 
membrane of epithelial cells. We identify SNX18 as a novel FIP5-interacting protein and 
characterize the role of FIP5 and SNX18 in epithelial lumen morphogenesis. 
Furthermore, we demonstrate the ability of FIP5 to enhance SNX18's membrane 
tubulating capacity, implying a role for FIP5 and SNX18 in endocytic carrier formation 
and/or scission.  
 Following our analysis of FIP5 action in MDCK cells, we sought out to determine 
whether FIP5 is a regulator of epithelial morphogenesis in vivo. Since intestinal 
morphogenesis in Danio rerio occurs independently of apoptosis (Ng et al., 2005), as it 
does in MDCK cells plated in Matrigel, our studies were focused on determining the role 
of the zebrafish FIP5 homolog, FIP5a, during intestinal development. Utilizing  
morpholino oligonucleotide-based knockdown techniques in Danio rerio, we 
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demonstrate the role of FIP5a in lumenogenesis and organ morphogenesis in vivo. We 
show that FIP5a expression is enriched in the zebrafish intestinal bulb, and that FIP5a is 
required for the transport of apical proteins to the site of the forming lumen during the 
early stages of intestinal polarization. Additionally, we show that FIP5 depletion results 
in the accumulation of apical proteins in large endosomes or vacuoles, reminiscent of the 
known pathology of human Microvillus Inclusion Disease, where normal Rab11 and 
FIP5 staining is not observed. Our data from zebrafish further strengthen the in vivo 
relevance of our cell culture findings, supporting our hypothesis that FIP5 is a key 
regulator of apicobasolateral polarization and lumenogenesis in epithelial tissue. 
The form and content of this abstract are approved.  I recommend its publication. 
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 Segregation of the apical and basolateral plasma membrane domains is the key 
distinguishing feature of epithelial cells. A series of interrelated cues and processes 
follow this primary polarization event, resulting in the morphogenesis of the mammalian 
epithelium. This chapter focuses on the role of the interactions between the extracellular 
matrix and neighboring cells during the initiation and establishment of epithelial polarity, 
and the role that membrane transport and polarity complexes play in this process. An 
overview of the formation of the apical junctional complexes is given, in relation to the 
generation of distinct membrane domains characterized by the asymmetric distribution of 
phosphoinositides and proteins. The mechanisms and machinery utilized by the 
trafficking pathways involved in the generation and maintenance of this apical-
basolateral polarization are expounded, highlighting processes of apical-directed 
transport. Furthermore, the current proposed mechanisms for the organization of entire 
networks of cells into a structured, polarized three-dimensional structure are described, 
with an emphasis on the proposed mechanisms for the formation and expansion of the 
apical lumen.  
                                                          
1
 This chapter of the thesis is largely based on our previously published review 
Willenborg, C., and R. Prekeris. 2011. Apical protein transport and lumen morphogenesis 
in polarized epithelial cells. Biosci Rep. 31:245-256.. Updates and additions have been 
made, including the sections entitled "Models of lumen morphogenesis" and "The 
relationship between hollowing and cavitation". 
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The Polarized Epithelium 
 Epithelium is a tissue composed of polarized cells, which line the body’s organs 
and perform specialized functions, such as absorption, secretion, and trans-cellular 
transport. Since epithelial cells often act as barriers, the significance of the polarization, 
or asymmetry, of this cell type is clear. Failure of epithelial cells to appropriately polarize 
leads to a variety of diseases, including certain metastatic cancers (McConkey et al., 
2009; Wilson, 1997). As a result, the polarization of epithelial cells is a highly regulated 
event that is conserved across various organisms and is the topic of this chapter, with a 
particular focus on apical protein targeting and transport. 
 The plasma membrane (PM) of epithelial cells is divided into the apical and 
basolateral domains, which are distinct in both lipid and protein composition (Rodriguez-
Boulan et al., 2005). The apical domain faces the lumen, the basal domain faces the 
basement membrane or extracellular matrix, and the lateral domains of these cells interact 
with neighboring cells (Figure 1). Specialized apical junctional complexes, the tight 
junction (zonula occludens) and the adherens junction (zonula adherens), maintain the 
integrity of these two discrete apical and basolateral domains. Additionally, a distinct 
"membrane domain", which has only recently been characterized, is the primary cilium, 
which extends from the apical domain of most epithelial cells (Figure 1B).  This structure 
has recently been identified as a "Mecca" of signaling regulation and has been 
comprehensively reviewed elsewhere (Satir et al.). Thus, ciliary targeting and transport 
are outside the scope of this chapter. 
 The tight junction, via its adhesion proteins, occludins and claudins, acts as a 
barrier to paracellular transport (Diamond, 1977), in addition to functioning as a "fence" 
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for the diffusion of lipid and protein components between membrane domains (Dragsten 
et al., 1981). Tight junction formation is crucial for initiating the polarity program of the 
cell, and is regulated by the cell’s polarity complexes, as it marks the separation of the 
apical and lateral domains (Lin et al., 2000; Suzuki et al., 2001). In mammalian cells, the 
adherens junction lies basally to the tight junction on the lateral domain of the epithelial 
cell and exists as an "adhesive belt". This adhesive belt enfolds the cell and functions as 
the cell’s primary source of mechanical stability and linkage between neighboring cells. 
These junctions are rich in calcium-dependent cadherin (Miyaguchi, 2000), nectin, and 
nectin-like molecules (Nakanishi and Takai, 2004). Moreover, adherens junctions provide 
the membrane with a link to the actin cytoskeleton (Figure 1B). Extracellular matrix 
(ECM) receptors, such as integrins, lie on the basal side of the cell and are capable of 
interacting with the basement membrane. One of the most interesting current areas of 
study within the field of epithelial cell biology is centered on the elucidation of the 
mechanisms regulating the formation of these polarized epithelial cells, and the cues that 
initiate this process of polarization.  
 
Polarity Complexes and the Establishment of Apicobasolateral Polarity 
 The classical model of epithelial polarization suggests that polarity initiating and 
driving cues come from the interaction of an epithelial cell with neighboring cells (Ebnet 
et al., 2004). These cues initiate the calcium-dependent trafficking of E-cadherin 
molecules to sites of cell-cell adhesion (Nakagawa et al., 2001b; Wang et al., 2007), thus 
spatially orienting apical-basolateral polarity. As adhesion molecules accumulate at these 




Figure 1.1. Structure of the Mammalian Epithelia. (A) Cross-section of a polarized 
cyst or tubule. The apical domain of the plasma membrane faces the hollow lumen, and 
the basolateral domain faces the extracellular matrix. (B) Schematic representation of a 
single polarized epithelial cell. The apical domain faces the lumen, and contains the 
specialized subdomain, the primary cilium. The tight junction separates the apical and 
basolateral domains, and is composed primarily of occludins and claudins. Cadherins and 
nectins make up the adherens junction, which lies directly basal to the tight junction, and 
functions as a link to the actin cytoskeleton, which forms a cortex around the cell’s 
periphery. The lateral domain of the cell faces neighboring cells in the monolayer, while 
the basal domain faces the basement membrane and interacts with the extracellular matrix 
via integrins. Microtubules are oriented with their plus-end facing the apical domain and 
their minus-end facing the basal domain. Motor proteins transport cargo via endocytic 
carriers along these microtubules.  
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formation of the adherens and tight junctions. Following, lipids and proteins are 
trafficked to the lateral membrane basal to the adherens junction, inducing the vertical 
growth of these cells, which results in a mature, polarized epithelium.   
 There exist three polarity complexes whose functions and regulation are 
dynamically intertwined with the creation of the epithelial junctional complexes, and thus 
the establishment of apical-basolateral polarity in epithelial cells. These are the Crumbs 
(CRB) complex, the Partitioning-defective (PAR) complex, and the Scribble (SCRIB) 
complex (Figure 2A). These polarity complexes were originally discovered in 
Caenorhabditis elegans and Drosophila melanogaster, but later were shown to be highly 
conserved in the mammalian epithelia. All three complexes are well established as key 
regulators of the formation of the tight junction and the segregation of the apical and 
basolateral plasma membrane.  
 While the CRB and PAR complexes have been well characterized in the 
mammalian epithelia, the function of the SCRIB complex in vertebrate cells is much less 
understood. The SCRIB complex is composed of the Scribble (scrib), Discs large (dlg),  
and Lethal giant larvae (lgl) proteins, all of which have been identified as tumor 
suppressor genes regulating the establishment of apical-basolateral polarity (Wodarz, 
2000). This complex is thought to be recruited to sites of cell-cell adhesion in response to 
cadherin signaling (Ide et al., 1999; Reuver and Garner, 1998), which will be discussed in 
the next section of this chapter. The SCRIB complex is required for the establishment of 
the basolateral domain, with recent evidence indicating that it regulates endocytic vesicle 
targeting to the basolateral domain via association with tethering protein syntaxin 4 




Figure 1.2. Polarity Complexes and Routes of Polarized Transport in Epithelial 
Cells. (A) PI(4,5)P2 is enriched on the apical plasma membrane domain while 
PI(3,4,5)P3 is found predominantly on the basolateral domain. Par3 is localized to the 
tight junction.  Cdc42 activates Par6-aPKC, and it is recruited to Par3, where it forms the 
Par3-Par6-aPKC (PAR) polarity complex. Par6 recruits the CRB complex.  The SCRIB 
complex is recruited by cadherin signaling at sites of cell-cell contacts. (B) (1) In the 
apical recycling pathway, cargo is endocytosed from the apical PM, and recycled back to 
the apical PM. (1) Cargo can be transported directly to the apical recycling endosome 
(ARE), and then be returned directly from the ARE back to the apical PM domain. (2) 
Cargo can be transported first through the apical early endosome (AEE), and then to the 
ARE, before return to the apical PM.(2) Basolateral recycling occurs when cargo is 
recycled from and back to the basolateral PM. (1) Proteins can be endocytosed to the 
basolateral early endosomes (BEEs) and returned to the basolateral PM. (2) Cargo can be 
endocytosed to the BEE, and sent through the common recycling endosome (CRE), back 
to the basolateral PM. (3) Cargo can be transported directly to the CRE, and returned to 
the apical PM. (3) Transcytosis is the transport of cargo from one plasma membrane 
domain to the other. (1) Cargo is internalized from the basolateral PM to the CRE, which 
sorts it to the ARE, and releases the cargo on the apical PM. (2) Apical to basolateral 
transcytosis occurs via the internalization of apical cargo to the ARE (sometimes via the 
AEE), which sorts the cargo to the CRE, which directs the cargo to the basolateral PM. 
(4) Newly synthesized proteins are transported via the biosynthetic pathway from the 
TGN to either the apical or basolateral PM. Endosomal sorting intermediaries can be 
used, as can a direct transport route from the TGN to the PM. 
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Par3, Par6, and the atypical protein kinase C (aPKC). The current model of PAR 
complex-dependent initiation of epithelial cell polarity proposes that Par3 is localized to 
sites of contact between neighboring cells prior to polarization, and that the binding of 
active cell division control protein 42 homolog (Cdc42) to the pre-formed Par6/aPKC 
complex results in the activation of the Par3/Par6/aPKC complex (Qiu et al., 2000; 
Tabuse et al., 1998) at the site of the forming apical plasma membrane domain. At this 
site, the PAR complex marks the apical domain of the cell and results in the formation of 
the tight junctions, and thereby the separation of apical and basolateral domain-initiating 
factors. Furthermore, Par6 recruits the CRB complex, which is largely specific to 
epithelial cells (Hurd et al., 2003; Wang et al., 2004). The CRB complex consists of the 
Crb protein, protein associated with Lin Seven 1 (PALS1), and PALS1-associated tight 
junction protein (PATJ). The CRB complex functions as a unit of regulation for the 
formation of the tight junction (Lemmers et al., 2004; Roh et al., 2003; Wang and 
Margolis, 2007) by concentrating at the site of the tight junction and demarking the point 
of separation between the apical and lateral domains. Furthermore, the size and 
maintenance of the established apical plasma membrane domain is regulated by the CRB 
complex (Lu and Bilder, 2005).  
 One of the more elusive concepts in this model of the establishment of polarity is 
the identification of the signaling event that results in the recruitment and activation of 
these polarity complexes. Preliminary studies in mammalian cells imply that the 
asymmetric distribution of phosphoinositides (PIs) may recruit the PAR complex and 
initiate the polarization process (Feng et al., 2008; Takahama et al., 2008; von Stein et al., 
2005). However, this is an area of controversy, as the reverse seems to be true in 
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Drosophila (Pinal et al., 2006). Additionally, the activation of aPKC by Cdc42 has been 
suggested to be a downstream result of the phosphatidylinositide 3-kinase (PI3K) 
signaling pathway (Nakagawa et al., 2001a), highlighting the complexities arising from 
the interplay between the polarity complexes and PIs.  
 
The Role of Lipids in Polarized Epithelial Transport 
 In addition to differential protein distribution, epithelial cells also display the 
polarization of various lipids. The composition of the inner leaflet of the plasma 
membrane is distinct between the apical and basolateral domains of the epithelial cell. 
While phosphatidylinositide (4,5)-bisphosphate (PIP2) localizes primarily to the apical 
domain, phosphatidylinositide (3,4,5)-triphosphate (PIP3) is concentrated on the 
basolateral domain of mammalian epithelial cells (Gassama-Diagne et al., 2006; Martin-
Belmonte et al., 2007; Martin-Belmonte and Mostov, 2007). The segregation of these PIs 
into discrete membrane domains is necessary for the generation of apical-basolateral 
polarity. In part, this is due to the function of the PIs as apical and basolateral 
determinants that recruit specific proteins necessary for epithelial morphogenesis. The 
use of recombination techniques to mislocalize PIs to the opposite membrane domain 
results in the mistargeting of apical and basolateral proteins. Additionally, depletion of 
either factor from its appropriate domain is shown to inhibit the ability of these cells to 
undergo lumen morphogenesis (Martin-Belmonte et al., 2007).  
 One of the first theories of apical targeting, the "lipid raft hypothesis" (Weisz and 
Rodriguez-Boulan, 2009), centers on the self-aggregation of various lipids into distinct 
sub-domains, which retain characteristics discrete from those of the basolateral 
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membrane (Simons and van Meer, 1988). These lipid rafts were proposed to be 
detergent-resistant membrane domains, which are enriched in PIP2, cholesterol, and 
glycosphingolipids. Lipid rafts were also suggested to be sorting sites for apical cargo 
exit at the level of the trans-Golgi network (TGN) (Simons and van Meer, 1988). While a 
mechanistic understanding of the role of lipid rafts in apical sorting has not yet been 
resolved and remains controversial, recent research indicates that lipid rafts might 
function as sites for the clustering and oligomerization of at least some apical proteins 
(Paladino et al., 2008; Paladino et al., 2004). However, recent studies have demonstrated 
the existence of a "raft-independent" TGN exit pathway. Indeed, many proteins, such as 
endolyn, are transported to the apical plasma membrane in a manner that does not require 
lipid rafts (Ihrke et al., 2001). Thus, current studies in this area are aimed towards 
determining the role of other potential clustering/sorting regulators, which differentially 
sort cargo to lipid raft-dependent and lipid raft-independent transport pathways. A variety 
of candidate proteins have already been identified, including clathrin adaptor proteins 
(D'Angelo et al., 2007; Vieira et al., 2005) and carbohydrate-interacting proteins 
(Delacour et al., 2005; Morelle et al., 2009).  
 The association of the apical junctional complexes with the actin cytoskeleton is 
an important link, which is integral for the polarization of epithelial cells. Annexin2 is a 
PIP2-binding scaffolding protein that activates the Par6/aPKC complex and initiates 
apical lumen morphogenesis, as well as the formation of the apical junctional complexes 
(Martin-Belmonte and Mostov, 2007).  During the establishment of these cell-cell 
adhesions, PIP2 regulates epithelial differentiation through its ability to associate with 
numerous actin-binding proteins at the apical domain (Hilpela et al., 2004; Yin and 
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Janmey, 2003). Another pathway of actin cytoskeletal regulation by PIP2 is via PIP2’s 
binding to ezrin via ezrin’s 4.1/ezrin/radixin/moesin- (FERM-) binding domain (Pearson 
et al., 2000), which allows PIP2  to regulate ezrin’s activity (Kovacs et al., 2002). 
Through this interaction, PIP2 directly links actin filaments to the plasma membrane, and 
allows for the regulation of the orientation and shape of the apical domain during the 
maturation of the epithelial lumen.  
 While the mechanisms regulating the generation of the PIP2/ PIP3 lipid 
asymmetry remain to be fully elucidated, phosphatases and kinases are known to be the 
tools through which this asymmetry is created. A series of phosphorylation events 
regulate the concentration and dynamics of these PIs within their respective membrane 
domains. One enzyme of interest is the phosphatase and tensin homologue deleted on 
chromosome 10 (PTEN), which generates PIP2 from PIP3. PTEN is shown to bind and be 
activated by PIP2 at the apical plasma membrane (Campbell et al., 2003; McConnachie et 
al., 2003), where it is likely recruited by binding to Par3. Upon depletion of PTEN in 
MDCK cells, which leads to a decrease in PIP2 levels, generation of the apical lumen is 
inhibited (Martin-Belmonte et al., 2007).  
 Another protein that is important for the generation of the polarized distribution of 
PIs in epithelial cells is phosphatidylinositide 3-kinase (PI3K), a key kinase which 
phosphorylates PIP2, thus increasing PIP3 levels in the basolateral plasma membrane. E-
cadherin accumulation at the sites of cell-cell adhesion results in the recruitment of the 
human homolog of Discs-large protein (Reuver and Garner, 1998), which in turn recruits 
and activates PI3K to stabilize the adherens junctions via linkages to the actin 
cytoskeleton (Laprise et al., 2002; Laprise et al., 2004; Pece et al., 1999; Somasiri et al., 
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2000). After being recruited to cell-cell adhesion sites, PI3K not only acts as a stabilizing 
factor for the adherens junctions, but additionally functions as a predominant contributor 
to the supply of PIP3 for the lateral domain. The inhibition of PI3K results in a dramatic 
decrease in the height of epithelial cells, presumably by inhibiting growth of the lateral 
plasma membrane (Jeanes et al., 2009). Interestingly, the fate of the apical and 
basolateral domains are intertwined, as apical PIP2 also has a role in regulating the 
endocytic routes of transport taken by the basolateral cadherins (Collins et al., 2002; 
Roth, 2004). This allows for the disintegration and reorganization of cell-cell contacts to 
keep up with the dynamic needs of epithelial cells (Bryant and Stow, 2004; Maddugoda 
et al., 2007).  
 While lipid asymmetry and PI-dependent signaling events are critical for the 
establishment of distinct apical and basolateral domains, a comprehensive understanding 
of these PIs is not sufficient to explain the complexities of polarized transport. In addition 
to these membrane-initiated sorting and transport events, proper biosynthetic and 
endocytic transport relies on defined targeting signals embedded in the cargo itself, as 
well as specific transport machinery that processes cargo through a series of sub-cellular 
sorting intermediaries, called endosomes, which are distinct for sorting to the apical and 
basolateral membrane domains. 
   
Rab GTPases: Their Function in Endocytic Sorting and Transport  
 Similar to the plasma membrane, sub-cellular compartments within the epithelia 
are spatially and functionally distinct. A series of domain-specific endosomes act as 
intermediaries for endocytic transport, in which proteins are sorted and targeted to their 
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appropriate plasma membrane domain (Cresawn et al., 2007) (Figure 2B). Endosomes are 
not only crucial sites for endocytic transport, but additionally play a role in the 
biosynthetic transport pathway, as many proteins are transported from the TGN to 
endosomes before reaching their final destination at the cell's surface (Orzech et al., 
2000). Cargo, delivered to endosomes for sorting, follow one of three possible pathways: 
(1) they are returned to the same domain from which they were endocytosed, (2) they are 
transported to the opposite plasma membrane domain (a process referred to as 
transcytosis), or (3) they become the constituents of a degradative pathway (Mostov et 
al., 2000) (Figure 2B).  
 There are unique early endosomes for the apical and basolateral domains, known 
as the apical early endosomes (AEEs) and the basolateral early endosomes (BEEs), which 
are located adjacent to their respective plasma membrane domains (Figure 2B). The 
common recycling endosomes (CREs) are the centrally-localized sites of polarized 
protein sorting, which receive cargo from, and are capable of transport to, both membrane 
domains. CREs are often characterized by the presence of both apical and basolateral 
markers. Apical recycling endosomes (AREs) are spatially and functionally separate 
apical domain-specific organelles from the AEEs that are marked by the presence of the 
small monomeric GTPase Rab11a/b, and mediate protein transport to the apical plasma 
membrane domain (Apodaca et al., 1994; Barroso and Sztul, 1994; Brown et al., 2000; 
Gibson et al., 1998). It remains to be determined whether the ARE is a sub-domain of the 
CRE or a functionally distinct compartment (van and Hoekstra, 1999).  
 Protein sorting and transport within and between endosomes is a complex process 
that is regulated by several families of proteins that regulate endocytic carrier formation, 
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transport, tethering and fusion with either the apical or the basolateral membrane. 
Additionally, the transport of cargo from endosomes to the correct plasma membrane 
domain of the cell at the appropriate time during epithelial morphogenesis requires the 
timed spatial delivery of specific cargo via a series of specialized motor proteins.  
 Kinesin-2 has emerged as a molecular motor required for polarized protein 
transport in epithelial cells. The kinesin superfamily of molecular motor proteins (KIF) 
consists of predominantly plus-end-directed microtubule motors, which coordinate the 
intracellular transport of a variety of proteins (Hirokawa and Noda, 2008). The Kinesin-2 
subfamily consists of the KIF3A/B and KIF17 molecular motors (Dagenbach and Endow, 
2004; Hirokawa, 1998). KIF3A and KIF3B exist as heterodimers, often bound to an 
adaptor protein, such as KIF-associated protein 3 (KAP3), which associates the kinesin 
with the cargo to be transported. Alternatively, KIF17 exists as a homodimer and appears 
to bind cargo directly via its tail domain. These Kinesin-2 motor proteins have been 
shown to regulate the formation and stability of cell-cell adhesions, and thus, the polarity 
program of these cells (Lin et al., 2003). Furthermore, KIF17 motors were shown to 
mediate protein transport to the apical plasma membrane (Jaulin and Kreitzer, 2010), 
while KIF3A/B motors are known to function as protein transporters within the primary 
cilia (Fan et al., 2004; Hirokawa et al., 2009).  
 In addition to transport, the correct sorting of cargo into various endocytic carriers 
also plays an important role in the establishment and maintenance of apical polarity. 
Several basolateral adaptor proteins have been identified and have been shown to 
associate with the clathrin-dependent endocytic transport pathway (Bonifacino, 2004; 
Owen et al., 2004). One of the proteins currently known to be involved in basolateral 
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transport is adaptor protein 1 (AP1, specifically the AP1B variant that is expressed in 
many epithelial cells) (Folsch et al., 1999; Gan et al., 2002; Ohno et al., 1999). It has 
been shown that the µ1b subunit of AP1B is responsible for directing the polarity of the 
tyrosine-based basolateral sorting signals of the cargo (Folsch et al., 1999; Gan et al., 
2002), which are thought to cluster into areas of clathrin-coated pit formation (Deborde et 
al., 2008). The sorting machinery dedicated to protein transport to the apical plasma 
membrane is much less understood, and does not appear to depend on specific adaptor 
proteins. Furthermore, it has been suggested that in some cases, apical transport may be a 
default pathway and may not require specialized sorting signals. This is consistent with 
the observation that mutation of basolateral sorting signals usually sends cargo to the 
apical plasma membrane. Apical plasma membrane proteins may rely more heavily on 
lipid-dependent sorting, directional transport and tethering to maintain their apical 
localization. Alternatively, these proteins may simply depend on their retention signals, 
such as the PDZ domain, to keep them anchored to the actin cytoskeleton associated with 
the apical plasma membrane domain. 
 In addition to adaptor proteins and molecular motors, the Rab family of small 
monomeric GTPases has emerged as a group of key regulators of polarized transport in 
epithelial cells (Jordens et al., 2005). There are at least 63 Rab GTPases identified in 
mammalian cells which are all thought to regulate distinct membrane transport pathways 
(Gurkan et al., 2005; Novick and Zerial, 1997). The Rab11 sub-family of GTPases is 
recognized as regulators of polarized endocytic sorting and transport in epithelial cells 
(Prekeris, 2003). Rab11 has been implicated in the regulation of many transport steps, 
including the apical recycling pathway (Casanova et al., 1999; Wang et al., 2000; 
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Willenborg et al., 2011), basolateral to apical transcytosis (Apodaca et al., 1994), as well 
as in the delivery of biosynthetic proteins from the trans-Golgi network to the apical and 
basolateral PM domains (Cresawn et al., 2007; Lock et al., 2005; Lock and Stow, 2005; 
Potter et al., 2006). In addition to Rab11, Rab8 and Rab10 also affect basolateral 
transport from the CRE, and potentially play a role in transcytosis in MDCK cells 
(Babbey et al., 2006; Schuck et al., 2007). The functional role of Rab8 remains to be 
elucidated, as there are conflicting reports of an apical localization of Rab8 (Sato et al., 
2007). Finally, Rabs 4, 5, and 7 have been characterized in non-polarized cells (Maxfield 
and McGraw, 2004) and are thought to mediate similar endocytic processes in polarized 
cells; however, these GTPases remain the focus of future inquiries. 
 One of the most pressing questions in the field is concerning how the specificity 
of each Rab is imparted and regulated.  All small GTPases bind downstream effectors 
while in their active GTP-bound conformation. There is some evidence indicating that 
GTP-bound Rabs might recruit specific motor proteins. For example, Rab11a binds the 
actin molecular motor, myosin Vb, to transport cargo to the apical domain (Lapierre et 
al., 2001), in addition to mediating the recruitment of Kinesin-2 to endocytic membranes 
(Schonteich et al., 2008). While it is possible that this regulation of myosin and kinesin 
activity by Rabs may have a role in the spatial distribution of distinct organelle 
subpopulations within polarized cells, it is also thought that there are other downstream 
effector molecules which oversee Rab function and specificity.  Rab11 family-interacting 
proteins (FIPs) were identified as a family of proteins that bind specifically to Rab11 
GTPases (Prekeris, 2003; Tarbutton et al., 2005) and act as scaffolds for the recruitment 
of various factors involved in the regulation of endocytic transport.  Because each FIP 
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forms a mutually exclusive complex with Rab11 (Meyers and Prekeris, 2002), it is 
possible that each individual Rab11-FIP complex is formed to specifically regulate 
individual pathways of endocytic transport.  Consistent with the specificity-imparting, 
and potential scaffolding functions of FIPs, several FIP family members have been 
shown to interact with other regulators of membrane trafficking (Hales et al., 2002). For 
example, FIP5/Rip11, a Rab11-binding protein involved in apical-directed transport, has 
been immunoprecipitated with KIF3A/B (Schonteich et al., 2008), while FIP2 binds to 
myosin Vb and FIP1/RCP interacts with Golgin-97 (Jing et al.). 
 In addition to the specificity imparted by Rabs, FIPs, and molecular motors, 
another set of proteins that make up an important part of the endocytic machinery are 
tethering and fusion proteins. The key example of this, being conserved from yeast to 
mammalian cells, is the Exocyst complex. The Exocyst complex is required for the 
polarization of epithelial cells (Munson and Novick, 2006), as it is integral for the 
transport of cargo from the Golgi or endosomes to the PM (Whyte and Munro, 2001). 
This complex is composed of 8 subunits, and is required for the establishment of 
epithelial polarization (Wu et al., 2008). The assembly of this complex aids in driving the 
fusion of vesicular carriers with their target plasma membrane domain. The tethering 
function of the Exocyst complex delivers and drives the fusion of vesicles at sites of 
polarized development (Cai et al., 2007; Munson and Novick, 2006). The localization and 
function of the Exocyst complex is regulated by a series of binding proteins, including 
Rabs and their binding proteins, which are thought to drive the assembly of the Exocyst 
complex (reviewed in (Jahn and Scheller, 2006)).  
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 The fusion of transport vesicles with their appropriate target membrane is 
mediated by a group of tethering proteins known as soluble N-ethylmaleimide-sensitive 
fusion protein-attachment protein receptors (SNAREs), which are part of the Exocyst 
machinery. There are two subclasses of SNAREs, vesicle-SNAREs (v-SNAREs) that are 
localized to the membrane of the endocytic carrier, and target-SNAREs (t-SNAREs) that 
are located in the acceptor membrane. It is well established that distinct sets of SNAREs 
are present on the apical and the basolateral domains of the polarized cell. In MDCK 
cells, syntaxin 3 is a marker of the apical domain while syntaxin 4 is a marker of the 
basolateral domain (Low et al., 1996). It has also been reported that different pathways of 
endocytosis function with the aid of unique v-SNAREs (Lafont et al., 1999; Pocard et al., 
2007; Steegmaier et al., 2000). The binding of complementary v- and t-SNAREs, and the 
resulting tethering and fusion of the membrane, is thought to impart a mechanism for the 
specificity of cargo transport (Rothman and Warren, 1994).  
 These mechanisms of apical and basolateral targeting are regulated by the 
structure and sequence of the proteins themselves, as well as by the overarching polarity 
program of the cell. This establishment of apical-basolateral polarity, which utilizes the 
described routes of endocytic transport via a variety of regulators, must be coupled by 
each individual cell to the polarity program of the forming tissue for the successful 
generation of a polarized structure. In epithelial tissues, the resulting structure created by 
a network of polarized cells is a cylindrical tube made up of a single layer of epithelial 
cells connected on their lateral faces, which are oriented such that their apical domain lies 




Models of Lumen Morphogenesis 
 Tissue morphogenesis requires the coordination of, and therefore communication 
between, entire groups of epithelial cells within three-dimensional (3D) space. The final 
result of these processes is the formation of epithelial tubes or end buds, in which all 
epithelial cells are properly oriented such that their apical domain faces the central lumen 
of the 3D structure (O'Brien et al., 2002). Since much of the work on epithelial polarity 
has been conducted using two-dimensional epithelial cell models, the process of 
epithelial polarization during the formation of 3D structures remains poorly understood.  
 During development and early organogenesis, there are several ways of 
generating an apical lumen. Lumen formation can occur from precursors of either already 
polarized epithelial cells, or nonpolarized cells. This degree of flexibility is afforded 
during organogenesis because tubes have the ability to maintain their polarity while 
undergoing morphogenesis. The wrapping and budding models of lumen formation both 
are initiated from polarized precursor cells.  
Wrapping 
 Primary neurulation is a process which forms most of the rostral portion of the 
neural tube in mammals. A polarized epithelium gives rise to the neural tube primordium, 
and after elongation (Schoenwolf, 1983; Schoenwolf and Powers, 1987), the lateral-most 
edges of the primordium fold in towards one another in a process called wrapping (Figure 
3A) (Smith and Schoenwolf, 1987; Smith and Schoenwolf, 1988). Upon completion of 
wrapping, the two ends of the primordial fold have fused and a closed neural tube has 
formed. Zebrafish, on the other hand, have a non-conventional neural epithelium, in 




Figure 1.3. Lumen formation in tubulogenesis and organogenesis. Creation of a tube 
from an area of polarized epithelium can occur via wrapping (A) or budding (B). Cord 
hollowing (C) occurs when apical vacuoles are exocytosed and merge to form a common, 
intercellular lumen. Cell hollowing (D) is when apical vacuoles merge within a cell to 
form a central lumen. In cavitation (E), the outer periphery of a solid rod of cells 
polarizes, after which the cells in the center of the mass that do not touch the extracellular 






cellular distributions (Geldmacher-Voss et al., 2003; Hong and Brewster, 2006). Thereby, 
Danio rerio do not utilize wrapping as a mechanism for neural tube closure; instead, they 
undergo a process similar to secondary neurulation, where the cells of the neural plate 
coalesce at the zebrafish's midline in a solid rod, and then utilize cavitation to form the 
neural plate (Appel, 2000). 
Budding 
 Budding is a tubulogenesis mechanism in which groups of cells internalize and 
form a "bud" (Figure 3B). Internalization is often coupled with apical constriction and the 
movement of the cell nucleus to a basal position (Brodu and Casanova, 2006; Myat and 
Andrew, 2000a; Nishimura et al., 2007). Examples of budding are seen in the Drosophila 
trachea and salivary gland along with the mammalian lung, kidney, and pancreas 
(Ghabrial et al., 2003; Kim and MacDonald, 2002; Kumar and Melton, 2003; Metzger et 
al., 2008; Nigam and Shah, 2009). In the salivary gland of Drosophila, cells from the 
ventral midline bud to form the salivary ducts, while laterally localized cells bud to form 
the unbranched secretory tubes (Myat and Andrew, 2000b). Within the fruit fly's trachea, 
internalized cells quickly move apart and initiate separate primary branches (Ghabrial et 
al., 2003). 
 While budding and wrapping are examples of lumen formation from polarized 
precursors, a polarized epithelium is not always already in existence during 
tubulogenesis. In these cases, lumen formation occurs de novo, thus allowing 
nonpolarized tubes to form preceding polarization, and also allowing dynamic cycles of 
polarization, depolarization, and repolarization to occur as necessary throughout 
development (Ewald et al., 2008; Hinck and Silberstein, 2005; Watson and Khaled, 
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2008). The two main mechanisms of lumen formation from non-polarized precursors are 
hollowing and cavitation (Figure 4).  
Hollowing 
 The central player in the hollowing model of lumen formation is the vacuolar 
apical compartment (VAC). VACs are specialized endosomes that are composed of 
intracellular vacuoles containing numerous microvilli, thus distinguishing these 
compartments from simple vesicles. It is thought that VACs are formed by the 
internalization of apically-targeted proteins, lumen formation factors, as well as some 
extracellular fluid (Martin-Belmonte and Mostov, 2008; Vega-Salas et al., 1987). The 
membrane of these specialized endosomes resemble that of the apical PM, as they contain 
apical proteins, including glycoproteins, while excluding basolateral proteins (Vega-Salas 
et al., 1987). Interestingly, it has recently been established that VACs contain Rab11 and 
Rab8 GTPases, implicating that these specialized organelles are in fact a subpopulation 
of apical recycling endosomes (Bryant et al., 2010). Moreover, evidence suggests a role 
for the Rab11-FIP5 complex in the trafficking of these apically-directed endosomes to the 
apical membrane initiation site during the initiation stage of apicobasolateral polarization 
(Willenborg et al., 2011). 
 In the hollowing model, it is proposed that these VACs are formed and 
exocytosed to the site of the forming lumen at the meeting point of the dividing cells. The 
fusion of these VACs with each other and with the plasma membrane generates the initial 
apical lumenal space (Figure 3C, Figure 4), and is believed to initiate the formation of the 
apical central lumen (Davis and Bayless, 2003). In MDCK cells, VACs are known to 





 Figure 1.4. De novo models of epithelial lumen formation. (A) In the hollowing model 
of lumen morphogenesis, newly polarizing cells divide, and at the two-cell stage, the 
basolateral domain is the site of cell-cell contact, while the apical domain faces the ECM. 
Endocytosis of apical proteins and ECM fluids occurs through the use of specialized 
organelles called apical vacuolar compartments (VACs), which are targeted to the 
meeting point of the dividing cells. These VACs accumulate and form the apical lumen at 
the center of the forming cyst. Glycoproteins and polysaccharides are transported in these 
VACs and aid in the self-repulsion of the apical PM, allowing the lumen to remain open. 
(B) In the cavitation model, cells proliferate to form a solid cyst or tube. The outer cells 
of this structure, which are in contact with the ECM, then polarize. The cells internal to 






lumen, thereby leveraging electrostatic repulsion and steric hindrance as driving forces 
for maintaining and further expanding the lumenal space, as well as preventing self-
association of the apical membrane, which would act to close the lumen (Meder et al., 
2005; Orlando et al., 2001; Takeda et al., 2000).  
 Rab8 and Rab11 have been found to regulate the formation of the lumen in vivo 
(Li et al., 2007; Sato et al., 2007) via hollowing, and evidence has come into light which 
argues that Rab11 is capable of mediating the endocytosis of the polarity protein, 
Crumbs3a, and thereby demarks the site of the apical lumen membrane (Schluter et al., 
2009). Data from this paper indicate that in Madin-Darby Canine Kidney (MDCK) cells, 
the lumen is initiated during the first cell division of the forming cyst, via the trafficking 
of Crumbs3a in Rab11-positive VACs to the site of cytokinesis (Schluter et al., 2009). 
The involvement of a CRB polarity complex protein, which is thought to recruit aPKC to 
the site of the forming lumen and thereby enable the polarity programming of the forming 
cyst, highlights the complexity of epithelial morphogenesis in the context of an entire 
tissue.  
 During hollowing, preformed compartments fuse to form a larger, common 
lumenal space without the aid of apoptosis as a mechanism for lumen clearing (Lubarsky 
and Krasnow, 2003). There exist two distinct subtypes of hollowing: cord hollowing 
(Figure 3C and Figure 4A) and cell hollowing (Figure 3D). Both cord and cell hollowing 
involve the fusion of apical vacuoles to form a single lumen. Their distinction lies in the 
location of the fusion events. Cord hollowing involves the intercellular fusion of apical 
compartments with the plasma membrane to form a single lumen between cells. 
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Alternatively, cell hollowing occurs when apical cytoplasmic vacuoles fuse with each 
other within a single cell to produce an intracellular lumen (Andrew and Ewald, 2010). 
 Evidence for hollowing has already been described in vivo, implicating the 
zebrafish intestinal tract as a site of cord hollowing (Abud et al., 2005; Bagnat et al., 
2007). Additionally, cord hollowing is present during secondary neurulation in mouse 
and chick embryos (Schoenwolf, 1984; Schoenwolf and Delongo, 1980). Cell hollowing 
has been observed in the single excretory kidney cell of C. elegans (Buechner, 2002), in 
addition to being utilized during the formation of Drosophila tracheoles (Guillemin et al., 
1996). Another place where evidence has surfaced for cell hollowing is in the zebrafish 
endothelium (Blum et al., 2008; Jin et al., 2005). Upon injection of quantum dots into the 
blood stream of live zebrafish, intracellular vacuoles in endothelial cells became linked 
and gave way to an intracellular lumenal space in developing intersegmental blood 
vessels (Kamei et al., 2006).  
Cavitation 
 While the hollowing mechanism of lumen formation does not use apoptosis, the 
cavitation model relies heavily on this method of programmed cell death. The cavitation 
model of tube morphogenesis arises from original studies conducted in the early mouse 
embryo (Coucouvanis and Martin, 1995) which propose that an aggregation of non-
polarized cells is a precursor to the polarized epithelial tube. The cells on the outer 
periphery of this agglomeration, namely the cells which are in contact with the 
extracellular matrix, polarize as a cylindrical monolayer, and separate from the cells in 
the center of the forming tubule. The cells located in the middle of the forming tube then 
undergo caspase-dependent programmed cell death, called apoptosis, to evacuate and 
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maintain the central lumenal space (Figure 3E and Figure 4B) (Andrew and Ewald, 2010; 
Lubarsky and Krasnow, 2003). It is thought that the lack of contact between centrally 
located cells with the basement membrane acts as a large contributor to the susceptibility 
of these cells to apoptotic death.  
 Evidence supporting the cavitation model of epithelial morphogenesis in 
mammalian cells has come from human mammary cells (Debnath et al., 2002) and 
MDCK cells grown in a collagen matrix (Martin-Belmonte et al., 2008). Cavitation has 
also been implicated in secondary neurulation in the caudal half of the developing 
amniote (Schoenwolf, 1984) as well as the inner ear of the zebrafish (Haddon and Lewis, 
1996). Moreover, the most striking proof for the cavitation model comes from in vivo 
studies of the mammary and salivary glands showing large numbers of apoptotic cells in 
the center of the forming tubules within these glands (Humphreys et al., 1996; Jaskoll and 
Melnick, 1999).  
 
The Relationship between Hollowing and Cavitation 
 While epithelial morphogenesis and the polarity programming of a single cell are 
still not completely understood, even less is known about the mechanisms undertaken 
during organogenesis, and this is an area of great interest and debate within the field of 
epithelial cell biology. It is likely that in vivo, many tissues use a combination of both 
hollowing and cavitation to undergo lumenogenesis, and thereby take a large step 
towards fully establishing polarity.  
 The evidence for the hollowing model of lumen formation in epithelial cells is 
largely derived from studies conducted under non-physiological conditions, such as 
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calcium depletion (Vega-Salas et al., 1987) or the delay of cell polarization (Martin-
Belmonte et al., 2008). Only recently has evidence for the formation of VACs in 
epithelial cells in vivo as well as in vitro come into light, through studies of lumen 
formation in the zebrafish gut epithelium (Bagnat et al., 2007) and further studies in 
MDCK cells plated in Matrigel (Martin-Belmonte et al., 2007; Martin-Belmonte et al., 
2008; Willenborg et al., 2011). Visualization of VACs has even become possible in vivo 
during the development of endothelial blood vessels in zebrafish embryos (Kamei et al., 
2006). However, despite the visualization of VACs in vivo, there is a debate over the 
validity of the hollowing model due to the potential for the visualization of VACs or 
VAC-like structures as a result of alternative programs of morphogenesis (Blum et al., 
2008). The primary example supporting the cavitation model of lumen clearing in vivo is 
in the mouse mammary gland, in which apoptotic clearing of lumenal cells in the 
mammary duct has been visualized (Humphreys et al., 1996). These data are supported 
by 3D cell culture studies of mammary cells, which mimic these results (Blatchford et al., 
1999; Mailleux et al., 2008).  
 While cavitation has been observed in epithelial morphogenesis as a mechanism 
which enables the clearing of the forming apical lumen, and thus the establishment of a 
differentiated epithelial tubule, apoptosis is not absolutely required for the creation of 
these tubules. Research conducted in MDCK cells reveals that upon over-expression of 
the apoptotic inhibitor, Bcl-2, lumen formation is delayed, but not altogether blocked 
(Lin et al., 1999). Additionally, in vivo studies conducted in the mouse mammary gland 
reveal that the inhibition of apoptosis delays, but does not completely abrogate, lumen 
clearing (Mailleux et al., 2007). One alternative to caspase-dependent cell death is 
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anoikis, another form of cell death which is also thought to be triggered by the loss of cell 
contact with the extracellular matrix (Frisch and Francis, 1994; Meredith et al., 1993; 
Ruoslahti and Reed, 1994). Furthermore, initial evidence for lumen clearing via 
autophagy has been established (Debnath et al., 2002; Mailleux et al., 2007). These 
alternate methods of lumen clearing highlight the importance of redundant mechanisms 
that act to ensure the formation of the apical lumen. 
 While the two models of de novo apical lumen formation are classically distinct, it 
is likely that they are functionally intertwined, with a mixture of both hollowing and 
cavitation occurring during the morphogenesis of most 3D epithelial structures 
(Willenborg and Prekeris, 2011). It is likely that the predominance of one mechanism in 
particular tissues is dependent on a series of regulatory factors that, if slightly altered, 
allow the intermingling of the two methods or a complete transition. An example of the 
regulation of the balance between hollowing and cavitation during tubulogenesis lies in 
studies conducted in MDCK cells, where it has been shown that the chosen mechanism of 
lumen formation and clearing depends on the ability of the cells to quickly polarize 
(Martin-Belmonte and Rodriguez-Fraticelli, 2009; Martin-Belmonte et al., 2008). When 
plated in an ECM that provides the appropriate factors for epithelial polarization, such as 
Matrigel, polarized cysts rapidly form without the use of apoptosis as a lumen-clearing 
mechanism. In this case, the secretion of lumenal proteins, such as gp135, induces the 
separation of the apical membrane via the hollowing mechanism. However, when MDCK 
cells are plated in a stiffer, less-differentiated matrix such as collagen, there is a delay in 
polarization, which is likely effected by the necessity of the cells to now form their own 
ECM factors to allow polarization. This delay results in the accumulation of cells in the 
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apical lumen upon polarization of the cyst, which leads to apoptosis of these excess cells, 
and thus cavitation (Martin-Belmonte et al., 2008).  
 All of the levels of regulation imparted by the polarity complexes, the generation 
of the distinct membrane domains, and the regulated sorting and transport of endocytic 
vesicles discussed earlier in this chapter, play a large part in the generation of the 
epithelial lumen. A deeper understanding of the mechanism(s) used to create and 
maintain the apical lumenal space during epithelial morphogenesis is highly important.  
 
Conclusions and Future Objectives 
 The development and maintenance of epithelial cell polarity is critical for the 
functioning of many of the body’s tissues and organs. While the coordination between 
individual epithelial cell polarization and tissue morphogenesis is a complex process 
involving many levels of regulation, much progress has been made in the field within the 
last decade. The advent of 3D cyst-formation assays in vitro, along with organotypic and 
in vivo studies, have led to great advances in our understanding of epithelial 
morphogenesis, as well as lumen formation and maintenance. Nevertheless, there remain 
many gaps in our knowledge of epithelial polarization, especially in terms of integrating 
the roles of the cytoskeleton and polarity complexes with endocytic transport. 
Furthermore, the signaling machinery that initiates and maintains polarity during the 
formation of three-dimensional structures remains to be fully understood. However, the 
model systems that are currently being established will afford us the tools necessary to 
deepen our knowledge of these processes, and fill the gaps in our understanding of 










 During the morphogenesis of the epithelial lumen, apical proteins are thought to 
be transported via endocytic compartments to the site of the forming lumen, although the 
machinery mediating this transport remains to be elucidated. Rab11 GTPase and its 
binding protein, FIP5, are important regulators of polarized endocytic transport. In this 
chapter, we identify sorting nexin 18 as a novel FIP5-interacting protein and characterize 
the role of FIP5 and SNX18 in epithelial lumen morphogenesis. We show that FIP5 
mediates the transport of apical proteins from apical endosomes to the apical plasma 
membrane, and along with SNX18, is required for the early stages of apical lumen 
formation. Furthermore, both proteins bind lipids, and FIP5 promotes the capacity of 
SNX18 to tubulate membranes, which implies a role for FIP5 and SNX18 in endocytic 
carrier formation and/or scission. In summary, the present findings support the hypothesis 
that this FIP5-SNX18 complex plays a pivotal role in the polarized transport of apical 
proteins during apical lumen initiation in epithelial cells.  
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 This chapter of the thesis is based on our previously published article Willenborg, C., J. 
Jing, C. Wu, H. Matern, J. Schaack, J. Burden, and R. Prekeris. 2011. Interaction between 





Materials and Methods 
Antibodies 
 Rabbit polyclonal anti-SNX18 antibodies were prepared as previously described 
(Prekeris et al., 2000) using recombinant purified human full-length SNX18. Antibodies 
were affinity purified using recombinant SNX18 conjugated to Affi-gel (Bio-Rad 
Laboratories, Hercules, CA) and eluted with 0.1 M glycine buffer, pH 2.5. Rabbit anti-
FIP5, anti-FIP1 and anti-FIP3 polyclonal antibodies were described previously (Peden et 
al., 2004; Prekeris et al., 2000; Wilson et al., 2005).  Mouse monoclonal anti-TfR, anti-
Ezrin and anti-e-Cadherin antibodies were obtained from BD Biosciences (San Jose, 
CA).  Rabbit anti-GFP was purchased from Molecular Probes (Leiden, NL). Gold-
conjugated anti-rabbit IgG was purchased from British BioCell International (Cardiff, 
UK). Mouse monoclonal anti-Occludin antibody was purchased from Invitrogen 
(Carlsbad, CA). Mouse monoclonal anti-gp135 antibody was a generous gift from Dr. 
Charles Yeaman (University of Iowa) and Dr. George Ojakian (SUNY Downstate 
Medical Center). Fluorescein-labeled anti-rabbit IgG antibody, Texas Red-labeled anti-
mouse IgG antibody, and goat anti-mouse AffiniPure F(ab’)2 fragments were obtained 
from Jackson Immuno Research Laboratories (West Grove, PA). Cell-permeant Hoechst 
DNA stain and transferrin conjugated to Alexa-594 were obtained from Invitrogen 
(Carlsbad, CA).  
Expression Constructs and Protein Purification 
 SNX18, all SNX18 truncation mutants, and SNX9 were expressed as GST-fusion 
proteins using the pGEX-KG plasmid (Amersham Biosciences, Piscataway, NJ).  GST-
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fusion constructs were expressed using the BL21-(FE3)-RIPL Escherichia coli strain, 
purified with glutathione beads (Sigma Aldrich, St. Louis, MO), and either eluted with 25 
mM glutathione or cleaved with thrombin (Amersham Biosciences, Pinscataway, NJ) as 
previously described (Junutula et al., 2004). 
 Full-length human FIP3 and FIP5 were tagged with an N-terminal 6His tag 
followed by a TEV cleavage site by sub-cloning into the baculovirus transfer vector, 
pVL1392. Co-transfection and amplification of recombinant baculovirus was conducted 
using BacPAK transfection reagents (BD Clontech, Palo Alto, CA), following the 
manufacturer’s protocols. In brief, 1 x 10
6
 Sf9 cells were seeded into a 6-well plate and 
the Bacfectin-DNA mixture was added drop-wise. After 5 days the P1 viral stock was 
harvested and further amplified to P2 and P3 stages. For protein production, 1L of Sf9 
cells at 2 million cells/ml were infected with 2ml of P3 viral stock (approximate MOI of 
0.5) and harvested after 65 h. Cells were lysed in 50 mM Tris buffer pH 7.5 containing 
300 mM NaCl and the cleared lysate was loaded onto a Ni-NTA column. Eluted 6His-
FIP3 was dialyzed overnight against buffer (50 mM Tris pH 7.5, 300 mM NaCl, 5 mM 
BME) and frozen in liquid nitrogen. Yields were typically 3-5 mg/L with an estimated 
purity of >75%. 
Generation and Purification of Adenovirus Expression Constructs 
 shRNA-resistant FIP5-GFP and myc-SNX18 adenoviral constructs and 
recombinant adenovirus were generated using the AdEasy system (He et al., 1998). 
Briefly, each gene was cloned into pShuttle-CMV, and the resultant clones were 
linearized with Pme I and used to transform E. coli BJ5183 cells carrying the viral DNA 
plasmid pAdEasy-1. Recombinant plasmids were digested with Pac I to expose the 
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inverted terminal repeats, and 8 µg of each construct was used to transfect, by calcium 
phosphate coprecipitation, 6 cm dishes of 50% confluent HEK 293 cells modified to 
express adenovirus preterminal protein, DNA polymerase, and DNA binding protein.  
The medium was aspirated and replaced after 24 hours, and the cells were incubated for 
10 days, until many plaques had formed. Virus was released by repeated freeze/thaw 
cycles, and amplified by the addition of the adenoviral vector to fifty 10 cm dishes of 
HEK 293 cells, which were incubated for 48 hours. Virus harvesting and purification 
were conducted as described previously (Orlicky and Schaack, 2001). Briefly, the cells 
were harvested by centrifugation, and the virus was released by three freeze/thaw cycles 
followed by centrifugation to pellet the cell debris. Two rounds of virus back-extraction 
were performed on the cell pellet. The supernatants were combined and purified via 
centrifugation on a cesium chloride step gradient of 1 ml 1.4 g/cc and 2 mls 1.25 g/cc 
CsCl in PBS using an SW41 rotor centrifuged at 36,000 rpm. The virus banded at the 
interface of the CsCl steps, and was collected by side puncture with a syringe. The virus 
was next mixed with 1.35 g/cc CsCl in PBS and centrifuged overnight at 65,000 rpm in 
an NVT100 rotor, and again collected by syringe side puncture. The resulting purified 
virion-containing solution was dialyzed four times for two hours each at 4 degrees 
against a modified previously published buffer containing 10 mM Tris, 10 mM His, 75 
mM NaCl, 1 mM MgCl2, 100 µM EDTA, 0.5% v/v EtOH, pH 7.4, 50% v/v glycerol 
(Evans et al., 2004). 
 Virus particle concentrations were determined by OD260 spectrophotometry, with 
one OD260 unit equal to 10
12
 particles. 30 plaque forming units/cell were used for each 
experiment, as this was the amount of virus determined to result in the production of 
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exogenous FIP5 or SNX18 equal to the amount of endogenous protein in dox- cells (as 
determined by immunoblotting).  
Glutathione Bead Pull-down Assays 
 In glutathione bead pull-down assays, glutathione beads (50 µl) were coated with 
10 µg of GST-fusion protein or GST alone and incubated with varying amounts of 
soluble protein in a final volume of 0.5 ml of reaction buffer (50 mM Hepes, pH 7.4, 150 
mM NaCl, 5 mM MgCl2, 0.1% Triton X-100, 0.1 % bovine serum albumin, 1mM 
phenylmethylsulfonyl fluoride). Samples were incubated at 22C for 1 hour on a nutator 
with constant rotation. The samples were pelleted at 2000 x g for 3 min, and washed three 
times with 1ml of reaction buffer. Bound proteins were eluted with 1% SDS, analyzed by 
SDS-PAGE, and either stained with Coomassie Blue or immunoblotted. 
 For yeast two-hybrid assays, full-length and various truncation mutants of FIP5 
were
 
cloned in the pGBKT7 bait-vector (Clontech, Palo Alto,
 
CA). Full-length and 





between the bait and prey was measured using 




Liposome Preparation and Tubulation Analysis 
 All lipids are porcine brain lipid extract purchased from Avanti Polar Lipids 
(Alabaster, AL). Liposomes were made from 90% 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (PC), 5% 1,2-dipalmitoyl-glycero-3-phosphoserine (PS), and 5% L-α-
phosphatidyinositol-4,5-bisphosphate (PI(4,5)P2).  Lipids were mixed, dried under a 
nitrogen stream, and lyophilized in vacuum for two hours.  Dried lipids were rehydrated 
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in a solution of 25 mM Hepes pH 7.5, 25 mM KCl, and 2.5 mM magnesium acetate, and 
150 mM potassium glutamate at room temperature for 1 hour, after which the liposomes 
were sonicated for 30 minutes.  GST, GST-SNX9, 6His-FIP3, GST-SNX18, or 6His-
FIP5 proteins were incubated with liposomes for 30 minutes at 37°C.  Samples were 
immediately processed and analyzed via transmission electron microscopy. For electron 
microscopy analysis, samples were prepared using a modified previously published 
procedure (Farsad et al., 2001).  Briefly, 10 µL aliquots of liposome/protein incubations 
were adsorbed for 5 minutes onto 250 µM hexagonal mesh copper grids (Electron 
Microscopy Sciences, Hatfield, PA) and coated with 0.5% formvar solution in ethylene 
dichloride (Electron Microscopy Sciences, Hatfield, PA) and carbon coated using an 
Auto 306 Vacuum Coater (Edwards, West Sussex, UK).  Grids were stained with 1-2% 
uranyl acetate, blotted, washed with water, allowed to air dry and imaged using a Techna 
G
2
 12 transmission electron microscope (FEI Company, Hillsboro, OR) at 80 kV with 
Gatan Digital Micrograph 3.7.1 GMS1.2 imaging software (Gatan, Inc., Pleasanton, CA).    
Isothermal Titration Calorimetry (ITC) 
 ITC experiments were performed using a VP-ITC calorimeter (Microcal LLC, 
Northampton, MA) as recommended by the manufacturer.  GST, GST-SNX18 or GST-
SNX9 were loaded in the sample cell (in phosphate buffered saline) and titrated with 
either 6His-FIP5 or 6His-FIP3 proteins in the same buffer (10 µL injections up to a total 
of 30 injections).  The titrations were performed while samples were stirred at 300 rpm at 
25°C or at the indicated temperature.  An interval of 4 minutes was allowed between each 
injection for the baseline to stabilize.  The blank ITC titration was performed against 
buffer by injecting 6His-Rip11.  The blank subtraction was done for all data used for 
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analysis.  The data were fitted via the one-set-of-sites model to calculate the binding 
constant (K) using Origin software (Microcal, LLC).   
Cell Culture and Immunofluorescence Microscopy 
 HeLa cells and MDCK-MIIR cells stably expressing human TfR and pIgA-R 
were cultured in DMEM with 4.5 g/L glucose, 5.84 g/L L-glutamine, 10% heat-
inactivated tet-free FBS (Clontech Laboratories, Mountain View, CA), and supplemented 
with 100 IU/ml penicillin and 100 µg/ml streptomycin. 
 For two-dimensional filter cell culture assays, MDCK-MIIR cells were plated on 
collagen-coated 0.4 µm pore-size Transwell filters (Corning Inc., Corning, NY) and 
allowed to polarize for four days.  Cells were then fixed with 4% paraformaldehyde for 
15 minutes, permeabilized for 10 minutes in phosphate buffered saline (PBS) containing 
0.4% saponin, and non-specific sites were blocked with PBS containing 0.2% bovine 
serum albumin and 1% fetal bovine serum.  Cells were incubated with specific 
antibodies, washed in PBS, and mounted in VectaShield (Vector Laboratories, 
Burlingame, CA).  Cells were imaged with an inverted Zeiss Axiovert 200M 
deconvolution microscope with a 63 x oil immersion lens.  Image processing was 
performed using Intelligent Imaging Innovations (Denver, CO) three-dimensional 
rendering and exploration software.  
 Three-dimensional (3D) cell culture assays for cyst formation were conducted 
according to a previously described method (Vieira et al., 2006). Briefly, actively 
dividing cells were mixed with Growth Factor Reduced Matrigel (Becton Dickinson, 
Franklin Lakes, NJ) and plated in 12 µL drops on 8-well slides.  The Matrigel-cell 
mixture was allowed to harden for 30 minutes at 37°C, and 400 µL of medium were 
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added.  The cells were incubated for the indicated period of time and the media was 
changed every other day.  3D cell cultures were stained according to a modified 
previously published protocol (Debnath et al., 2003).  Briefly, 3D cultures were fixed 
with 3% paraformaldehyde for 20 minutes, permeabilized with PBS and 0.5% Triton X-
100 for 10 minutes, and quenched 3 times for 15 minutes each wash with a glycine/PBS 
solution (130 mM NaCl, 7 mM Na2HPO4, 3.5 mM NaH2PO4, 100 mM glycine).  Cells 
were incubated in primary block (10% FBS, 130 mM NaCl, 7 mM Na2HPO4, 3.5 mM 
NaH2PO4, 7.7 mM NaN3, 0.1% BSA, 0.2% Triton X-100, 0.05% Tween-20) for 4 hours, 
followed by incubation in secondary block (primary block with 20 µg/ml goat anti-mouse 
F(ab’)2 fragments) for one hour.  After washing, cells were left overnight in primary 
block with primary antibody and Hoechst nuclear stain.  Cells were then washed and 
incubated for 1 hour with secondary antibody in primary block.  Cells were washed, dried 
for 1 hour, and mounted with VectaShield.   
RNA Interference 
 In HeLa cells, SNX18 was depleted with siRNA designed based on human 
SNX18 sequences (SNX18-1 5’-aatgtcagacagacgcgaaaa-3’; SNX18-2 5’-
aagcacctgacctatgagaac-3’). siRNAs were co-transfected into HeLa cells using 
Lipofectamine2000 (Gibco BRL). Transfected cells were incubated for either 48 or 74 
hours and analyzed for SNX18 expression by western blotting. Remaining cells were 
used for flow cytometry studies. 
 To create tet-inducible MDCK shRNA cells lines, SNX18 and FIP5 shRNAs were 
designed using canine sequences. shRNAs were then cloned into the pHUSH retroviral 
expression vector (Genentech, South San Francisco, CA). Stable, clonal cell lines were 
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then selected using 1 µg/ml of puromycin and grown using regular MDCK media 
supplemented with tet-free FBS (Clontech Laboratories, Mountain View, CA). To knock-
down either SNX18 or FIP5, stable cells lines were incubated in the presence of 1 µg/ml 
of doxycycline for 72 hours. 
Analysis of Transferrin-Biotin Uptake and Recycling in MDCK Cells 
 MDCK cells expressing the human transferrin receptor were grown on collagen-
coated 10 cm filters with a 0.4 µm pore size (10mm filters, Corning Inc.).  50 µg/ml of 
biotin-labeled human transferrin (Sigma Aldrich) were added to the basolateral chamber 
and allowed to internalize for one hour at 37°C.  The filters were then washed three times 
and the medium was replaced with serum-supplemented medium containing 50 µg/ml 
unlabeled human transferrin, and cells were incubated for either 0 or 60 minutes at 37°C.  
The medium was collected at these time points, and incubated for 30 minutes at room 
temperature with streptavidin-conjugated agarose resin (Pierce Biotechnology, Rockford, 
IL).  The beads were washed five times with PBS, and the biotin-transferrin was eluted 
by heating to 90°C for 10 minutes in the presence of 1% SDS.  Samples were separated 
by SDS-PAGE, followed by Western blot analysis using streptavidin conjugated to 
IRDye800 (LI-COR Biosciences, Lincoln, NE). Immunoblots were scanned and 
quantified using the Li-COR Odyssey Infrared Imager. 
Analysis of Transferrin Uptake in HeLa Cells 
 For uptake assays, mock or SNX18 siRNA-treated HeLa cells were incubated 
with 20 µg/ml Tf-Alexa647 at 37°C for the indicated period of time.  Cells were 
immediately pelleted, washed, and fixed for 20 minutes on ice in PBS with 4% 
paraformaldehyde.  Cells were sedimented, resuspended in PBS, and the amount of 
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internalized transferrin was determined by flow cytometric analysis.  Flow cytometry 
analyses were performed using a Cytomics
TM
 FC 500 flow cytometer (Beckman Coulter) 
equipped with 488-nm and 647-nm lasers.  
Immunoprecipitation and Proteomics 
 HeLa cell lysates from twenty 10-cm plates were harvested in the presence of 1% 
Triton X-100. Cell lysates were then incubated overnight with either 50 µg/ml lysate of 
affinity-purified rabbit anti-FIP5 antibody or 50 µg/ml lysate of purified nonspecific 
rabbit IgG, followed by the addition of 100 µl of protein A-sepharose per 1 ml of lysate. 
Beads were then washed, eluted with 1% SDS and separated on a 7–14% gradient 
acrylamide gel. The resulting gel was Coomassie stained and bands present only in the 
anti-FIP5 immunoprecipitate were isolated. Gel bands were cut into three equal sections 
and in-gel digested using three proteases. Peptides were extracted from the gel pieces 
with 0.1% TFA/60% acetonitrile and lyophilized. Dried peptide samples from each gel 
band were rehydrated and loaded onto a microcapillary column (100 µm inner diameter 
fused-silica) packed with 15 cm Aqua C18 reverse-phase material and then placed in-line 
with an LTQ linear trap mass spectrometer. Peptides were eluted with a 2 h mobile 
gradient of acetonitrile/0.1% formic acid. Tandem mass spectra were analyzed via 
Sequest using a human-mouse-rat database concatenated to a randomized human-mouse-
rat database. DTASelect was used to reassemble identified peptides into proteins. 
Identified proteins were filtered at <5% FDR. 
Lipid Binding Assays 
 In lipid binding assays, PC/PS (90%/5% at a final concentration of 0.5 mg/ml) 
liposomes with or without phosphatidylinositides (at 5%) were incubated for 30 min at 
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room temperature with 5 µM of recombinant purified SNX18 or 6His-FIP5/Rip11. 
Liposomes were then sedimented by centrifugation for 60 min at 50,000 rpm in a 
TLA100 rotor. Liposomes were resuspended in PBS with 1% SDS. Samples were then 
separated on SDS/PAGE gels and the amount of bound protein was determined by 
Coomassie staining.   
Electron Microscopy Analysis 
 For analysis of transferrin localization, HeLa cells were transfected with or 
without GFP-Rip11-F1 and incubated with transferrin-HRP 1:40 in L15 for 45 minutes at 
37
o
C, 48 hours post-transfection. The cells were then fixed with paraformaldehyde and 
glutaraldehyde prior to performing the DAB reaction, dehydration and embedding, 
essentially as described by (Stinchcombe et al., 1995). For immunolabeling, HeLa cells 
previously transfected with or without GFP-Rip11-F1 (24 hours), were loaded with 
transferrin-HRP 1:40 in L15 for 45 minutes at 37
o
C and then chilled on ice. To preserve 
the HRP containing compartments, the DAB reaction was performed prior to digitonin 
permeabilization, paraformaldehyde fixation and incubation with rabbit anti-GFP 
antibody (1:1500), followed by 10nm gold-conjugated anti-rabbit IgG antibody, 
essentially as described by (Futter et al., 1998). Ultra-thin sections (60-70nm thick) were 
cut using a Reichert-Jung Ultracut E microtome, stained with lead citrate and viewed 
using a Phillips CM12 transmission electron microscope (Eindhoven, NL). 
 For the electron tomography, ~100nm section was tilted from +/- 60˚ and imaged 
every 1 degree, in a Tecnai Spirit BioTwin 120kV at FEI Eindhoven, NL. The data were 





 The misregulation of polarized transport within epithelial cells can result in a loss 
of apico-basolateral polarity. The importance of this cellular asymmetry is clear, as its 
loss is the first step of the epithelial-to-mesenchymal transition (EMT) (Townsend et al., 
2008), which in addition to being a critical developmental mechanism, is also a well-
established prerequisite for tumorigenesis and metastasis (Lopez-Novoa and Nieto, 2009; 
Strizzi et al., 2009; Wang et al., 2008a). The appropriate regulation of epithelial polarity 
depends heavily on the regulation of endocytic and biosynthetic transport routes. 
Consequently, polarized transport is a very complex process that is highly regulated 
throughout development and tissue morphogenesis (Zurzolo et al., 1992). The plasma 
membrane (PM) of epithelial cells is separated into the apical and basolateral domains, 
distinct in both lipid and protein composition.  This asymmetry is essential for the proper 
function of these specialized cells, which line the internal face of many organs, and act as 
a barrier between the internal and external environments of the organism. The “holy 
grail” of epithelial organogenesis is to determine how individual cells are capable of 
coordinating and acting as a multicellular unit with a defined architecture that enables 
this organ to carry out complex processes that are beyond the capabilities of any single 
cell.  
 The formation of the apical lumen is a key step in organogenesis, required for the 
establishment of the organ’s architecture, and thereby its function. While there is a high 
degree of morphogenetic diversity between organisms and cell types, the end result of 
lumen formation is always a structure in which the apical surface of the cell is facing the 
epithelial lumen. Thereby, the establishment and expansion of the apical lumen is a key 
41 
 
step during tissue morphogenesis. Much effort has been dedicated to deciphering the 
intricate machinery responsible for the establishment, expansion and maintenance of the 
epithelial lumen, with one of the more recent areas of interest being apical targeting, 
which has been shown to play a key role in the establishment and expansion of the 
epithelial lumen during development (Lubarsky and Krasnow, 2003; Martin-Belmonte 
and Mostov, 2008).  
 As the result of work from many laboratories, we are beginning to decipher the 
machinery that mediates lumen formation during tissue morphogenesis.  One model, 
proposed by Dr. Mostov and colleagues, suggests that at the single-cell stage, the 
majority of apical domain markers, such as glycoprotein 135 (gp135) and Crumbs3, are 
localized at the plasma membrane (PM) facing the extracellular matrix (ECM) (Bryant et 
al., 2010; Martin-Belmonte and Mostov, 2008; Schluter et al., 2009).  After initial cell 
division, apical proteins are endocytosed into specialized transport vesicles and are 
transported to the site of the forming apical lumen.  Here, apical cargo-containing 
transport vesicles fuse with the plasma membrane to deliver their cargo and initiate the 
formation and expansion of the apical lumen. The identity of these apical cargo-
containing transport vesicles remains to be fully understood. Originally they were 
referred to as vacuolar apical compartments (VACs), since they contain apical plasma 
membrane protein gp135. However, recent work has shown that these organelles also 
contain Rab11 and Rab8 GTPases, and thus likely represent a sub-population of apical 




 The machinery that targets gp135-containing endosomes to the site of the forming 
apical lumen involves an interplay between multiple proteins (Bryant et al., 2010). 
Among such proteins, Rab11 plays a key role in regulating the polarized transport and 
formation of these complexes (Bryant et al., 2010; Desclozeaux et al., 2008). However, 
despite the recognition of Rab11 GTPase as a major player in polarized endocytic 
transport, the precise molecular mechanisms mediating Rab11 function remain to be 
determined.  It is thought that Rab11 binding to specific effector proteins is vital for 
determining Rab11’s functions, as well as its specificity for individual endocytic 
recycling pathways. Rab11 Family Interacting Proteins (Rab11-FIPs, referred to 
henceforth as FIPs) were identified as Rab11 effector proteins (Prekeris et al., 2000; 
Wang et al., 2000). FIPs serve as scaffolds that recruit specific sets of endocytic proteins.  
One member of the FIP family, FIP5 (also known as Rip11) is required for protein 
targeting to the apical PM (Prekeris et al., 2000). A potential role of FIP5 in mediating 
Rab11-dependent apical lumen formation has never been investigated and is the focus of 
these studies. 
 Here, we investigate the mechanism of lumen formation and demonstrate that 
gp135 is transported via apical recycling endosomes, a process that is dependent on FIP5. 
Furthermore, we identify sorting nexin 18 (SNX18) as a FIP5-binding protein, and 
demonstrate that interaction between these proteins regulates membrane tubulation in 
vitro, as well as epithelial lumen formation in vivo, while having no effect on basolateral 
protein transport.  Thereby, we propose that FIP5, via interaction with SNX18, mediates 
the formation and transport of gp135-containing endosomes, and consequently plays a 




FIP5 is a Rab11-Effector Protein that is Enriched in Apical Recycling Endosomes in 
Polarized Epithelial Cysts 
 The establishment of the epithelial lumen is a complex process known to depend 
on Rab11 GTPase (Desclozeaux et al., 2008), as well as on the polarized transport of 
apical proteins (Davis and Bayless, 2003; Kamei et al., 2006; Martin-Belmonte and 
Mostov, 2008; Vega-Salas et al., 1987).  Since Rab11, like all Rab GTPases, works via 
the recruitment and activation of its effector proteins, we set out to elucidate the role of 
Rab11 Family Interacting Proteins (FIPs) in mediating epithelial lumen formation. 
 Previous studies have shown that FIP5, a member of the FIP family of proteins, is 
required for transcytosis of the polymeric IgA receptor (pIgA-R) in filter-grown MDCK 
cells (Prekeris et al., 2000). Since transport of apical plasma membrane proteins during 
lumen formation resembles transcytosis, we decided to test whether FIP5 may also be 
involved in the transport and targeting of apical membrane proteins during lumen 
formation. First, we tested the localization of FIP5 in 3D cultures of polarized MDCK 
cysts. As shown in figure 1D-F, FIP5 localizes to the apical domain of the cysts, although 
some FIP5 staining can also be observed close to the basolateral plasma membrane.  
Similarly, in rat kidney proximal tubules, FIP5 is enriched at the apical pole of the cells 
(Figure 1G-H). This localization in both 2D and 3D cultures is fully consistent with the 
observed staining of FIP5 in filter-grown MDCK cells, where FIP5 is enriched in the 
endosomal organelles close to the apical plasma membrane (Figure 1A-C). Furthermore, 





Figure 2.1. FIP5 is enriched at the apical pole of polarized epithelial cells. (A-F) 
MDCK cells were grown in 2D (A-C) or 3D (D-F) cultures. Cells were fixed with 4% 
paraformaldehyde and stained with anti-FIP5 (A-F, green), anti-Occludin (A-C, red) or 
anti-e-Cadherin (D-F, red) antibodies. In panels A, B and C, images were taken at the 
apical, tight junction and basolateral levels of polarized MDCK cells. Scale bars, 8 µm. 
(G and H) Rat kidney sections were stained with anti-FIP5 antibody. In panel H, antibody 






transferrin receptor (TfR) (data not shown), which is consistent with a role for FIP5 in 
apically-directed protein transport.  
FIP5  Knockdown Disrupts Lumen Morphogenesis During the Formation of Epithelial 
Cysts 
 To further understand the role of FIP5 in epithelial lumen morphogenesis, we 
used the pHUSH conditional short hairpin RNA (shRNA) system (Gray et al., 2007) to 
create a tetracycline (tet)-inducible FIP5 shRNA-expressing MDCK cell line (MDCK-
shFIP5). The use of tet-inducible shRNA allows us to knockdown FIP5 expression prior 
to or after the formation of epithelial cysts, thus separating the roles of FIP5 in the 
establishment and maintenance of the epithelial lumen. As shown in figure 2A-B, 
incubation of MDCK-shFIP5 cells with 1 µg/ml doxycycline (dox) resulted in the 
specific depletion of FIP5 by more than 85%, while having no effect on the expression of 
other FIPs, such as FIP1. Interestingly, after FIP5 knockdown, filter-grown cells were 
still able to form tight junctions, as observed by the unchanged trans-epithelial resistance 
and localization of tight junction marker, Occludin (Figure 2C). We also performed 
transferrin basolateral recycling assays, and have shown that FIP5 knockdown had no 
significant effect on the rate or fidelity of basolateral endocytic recycling (Figure 2D). 
Thus, filter-grown MDCK cells lacking FIP5 are capable of polarization and the 
formation of intact epithelial monolayers.   
 To test whether FIP5 is required for epithelial lumen morphogenesis, we grew 
MDCK-shFIP5 cells in Matrigel-3D cultures to allow for the development of polarized 
epithelial cysts.  As shown in figure 3A and C, after 9 days, untreated MDCK-shFIP5 




Figure 2.2. Characterization of MDCK cell lines expressing tet-inducible FIP5 
shRNA. (A and B) MDCK-shFIP5 cells were grown in the presence of 1 µg/ml 
doxycyline. Cells were lysed and immunoblotted with anti-FIP5, anti-FIP1, anti-SNX18, 
and anti-e-Cadherin antibodies. Note that FIP5 and FIP1 exist as two alternatively spliced 
isoforms. FIP5 shRNA knocks-down both FIP5 isoforms. (C) Filter-grown polarized 
MDCK-shRNA cells were incubated ± 1 µg/ml doxycyline. Cells were fixed and stained 
for FIP5 and Occludin. The numbers below the images are the measured trans-epithelial 
resistances of the monolayers before fixation. The data shown are the mean and SD (n = 
4) (D) The quantitation of Tf-biotin recycling to the apical or basolateral plasma 
membrane domains in cells grown in the presence or absence of 1 µg/ml doxycyline. AP 




monolayer of polarized cells.  In contrast, upon FIP5 knock-down, the resulting cysts 
have multiple lumens which are surrounded in some areas by several layers of cells 
(Figure 3 B and D). The phenotype could be rescued by the expression of shRNA-
resistant FIP5-GFP (Figure 3E), demonstrating that multiple lumens are the result of FIP5 
knock-down rather than off-target effects. To determine whether cells in FIP5-lacking 
cysts still polarize, we stained control and dox-treated cysts with antibodies against 
gp135. Glycoprotein 135 (gp135) is a 135 kDa cell surface membrane protein which has 
been found to localize to the apical pole of MDCK cells, where it is thought to associate 
with the actin cytoskeleton and is a hallmark of the apical plasma membrane in epithelial 
cells.  As shown in figure3F, control cysts contain a single lumen outlined by anti-gp135 
staining. In contrast, in FIP5 knock-down cysts, gp135 marks the presence of multiple 
lumens (Figure 3G). To further confirm that dox-treated cells form multiple lumens, we 
also tested the localization of ezrin. Ezrin is a well-characterized member of the ezrin-
radixin-moesin (ERM) family of proteins shown to concentrate on the apical surface of 
polarized epithelial cells. Consistent with our observation that FIP5 regulates lumen 
formation, anti-ezrin staining also confirmed the presence of multiple lumens in knock-
down cysts (data not shown). To test whether FIP5 knock-down cells form tight junctions 
in 3D cultures, we used an anti-cingulin antibody to visualize tight junctions. As shown 
in figure 3I, after FIP5 depletion, 3D cysts could still form tight junctions, which are 







Figure 2.3. FIP5 is required for the formation of a single lumen in 3D epithelial 
cysts. (A-E) MDCK-shFIP5 cells were grown for 9 days in the presence (B and D) or 
absence (A and C) of 1 µg/ml of doxycyline. Cells were fixed, stained, and imaged by 
bright-field (A and B) or fluorescence (C and D) microscopy. (E) Quantitation of 
epithelial cysts with single lumen. Data shown are the means and SDs derived from three 
independent experiments. n is the total number of cysts analyzed. Scale bars, 8 µm. (F-I) 
MDCK-shFIP5 cells were grown for 9 days in the presence (G and I) or absence (F and 
H) of 1 µg/ml of doxycyline. Cells were then fixed with 4% paraformaldehyde and 
stained with anti-gp135 (F-G) or anti-cungulin (H-I) antibodies. Scale bars, 8 µm. 








FIP5 is Required for gp135 Targeting During Early Stages of Apical Lumen 
Formation 
 While our data demonstrate that FIP5-mediated transport is required for epithelial 
lumen formation, it remains unclear whether FIP5 is required for the establishment of the 
lumen or for its maintenance after the polarization of the epithelial cyst has occurred. 
While the mechanisms of epithelial lumen establishment remain to be fully understood, 
one existing model proposes that in the early stages of MDCK cell lumen morphogenesis, 
apical proteins are localized in the plasma membrane facing the ECM (Martin-Belmonte 
and Mostov, 2008; Schluter et al., 2009). At the two/four cell stage, the apical proteins 
are transported to the site of the forming apical lumen (known as apical membrane 
initiation site or AMIS). Fusion of these transport organelles initiates lumen formation 
and establishes the apical-basolateral polarity of the cyst (Martin-Belmonte and Mostov, 
2008). Consistent with this model, at the two-cell stage, almost 40% of cysts displayed 
gp135 at the plasma membrane domain facing the ECM (Figure 4A-C, J).  At this stage, 
FIP5 is localized to punctate organelles that are diffusely scattered localized to the area of 
cell-cell contact in the plasma membrane, with the forming cyst’s basolateral proteins 
facing the ECM (Figure 4D-F). These cells likely represent the initial stages of lumen 
formation after the inversion of polarity.  By this stage, FIP5 is also concentrating at the 
site of the forming lumen between the cells and exhibits a substantial overlap with gp135 
staining (Figure 4D-F).  By the four-cell stage, over 80% of cysts have formed a single 
lumen that is situated at the center of the dividing cells with the basolateral proteins 
facing the ECM, and with FIP5 staining concentrated around the site of the initiated 




Figure 2.4. Early stages of apical lumen formation in MDCK cells. (A-I) MDCK cells 
were plated in 3D cultures and incubated for 24 hours. Cells were then fixed and stained 
with anti-gp135 (A, D, and G) and anti-FIP5 (B, E, and H) antibodies. Panels A-F show 
cysts at the two-cell stage. Panels G-I show cysts at the four-cell stage. Yellow staining in 
C, F and I shows the extent of gp135 and FIP5 colocalization. Scale bars, 3 µ-m. (J) 
Quantitation of cells with and without a formed lumen at the two and four cell stages. 
Data shown are the means and standard deviations derived from three independent 




 Protein transport to the apical membrane resembles transcytosis of the pIgA-R 
that occurs in filter-grown MDCK cells. Since FIP5 is known to be required for 
transcytosis and is localized to the site of the forming lumen (Figure 4E and H), we tested 
whether FIP5 may be required for the transport of gp135 to the apical plasma membrane. 
MDCK-shFIP5 cells were pre-incubated for 74 hours in the presence or absence of dox, 
seeded, allowed to grow for 24 hours in 3D cultures, and imaged to analyze the cysts at 
the two and four-cell stages. As shown in figure 5A-C and E, in the FIP5-depleted cells, 
only 20% of the cysts at the four-cell stage had formed a single lumen, as compared to 
70% of the control cysts.  In the remaining 80% of FIP5-depleted cysts, half failed to 
endocytose gp135, leaving the apical domain proteins facing the ECM (Figure 5F-G). 
The other half had endocytosed gp135, but these gp135-containing endosomes 
accumulated at multiple sites within the cells (Figure 5C and H, and data not shown).  
Interestingly, when we added dox after the initial lumen had been formed (24  
hours after seeding), we observed no defects in single apical lumen maintenance (Figure 
5I).   
 Multiple lumen formation can be the result of the failure of AMIS formation or of 
defects in the delivery/fusion of gp135-containing endosomes. Since tight junction 
proteins have been shown to be a marker for the AMIS at the two-cell stage, we stained 
cells grown in the presence or absence of doxycyline with anti-cingulin antibody. As 
shown in figure 5F-G, FIP5 depletion did not have any effect on AMIS formation. In 
summary, these results indicate a role for FIP5 in regulating the transport of gp135-
containing endosomes to the AMIS during the initiation of the epithelial lumen, while 




Figure 2.5. FIP5 is required for the establishment of the apical lumen during the 
early stages of epithelial cyst formation. (A-F) MDCK-shFIP5 cells were grown for 74 
hours in the presence (D-F) or absence (A-C) of 1 µg/ml of doxycyline to pre-knock-
down FIP5. Cells were then seeded in 3D cultures and grown for 24 hours. Cells were 
fixed with 4% paraformaldehyde and stained with anti-gp135 (A, B, D, E, green), anti-
cingulin (C, F,  green)  or anti-FIP5 (B, red) antibodies. Scale bars, 8 µm. (G) The 
quantitation of 3D cyst polarization at the 2 and 4 cell stages from the experiment shown 
in panels A-F. Data shown are the means and standard deviations derived from three 
independent experiments. n is the number of cysts analyzed. (H) The quantitation of fully 
matured (9 days) epithelial cysts with a single lumen in cells incubated with or without 1 
µg/ml of doxycyline supplementation beginning 24 hours post-seeding in 3D cultures. 
Data shown are the means and standard deviations derived from three independent 
experiments. n is the number of cysts analyzed. Insets show the extent of FIP5 (green) 




FIP5 is Required for Scission of the Endocytic Carriers from Recycling Endosomes 
 While our data demonstrate the involvement of FIP5 in the transport of apical 
proteins and the formation of the apical lumen, it remains unclear what stage of 
membrane traffic is dependent on FIP5. To gain insight into whether FIP5 regulates 
endocytic carrier formation, budding, transport, or fusion, we transduced HeLa cells with 
a FIP5 dominant-negative mutant (GFP-Rip11-F1) and analyzed endosomal morphology 
by electron microscopy (EM). GFP-Rip11-F1 is the GFP-tagged C-terminal end of FIP5, 
which contains the Rab11-binding domain. This mutant has previously been shown to act 
as a strong dominant-negative inhibitor by dimerizing with endogenous FIP5 and 
inhibiting its cellular functions (Junutula et al., 2004). Since FIP5 has been shown to play 
a role in Tf recycling in non-polarized HeLa cells (Schonteich et al., 2008), we loaded 
HeLa cells (for 45 min at 37°C) with HRP-transferrin (Tf-HRP) to identify recycling 
endosomes. As shown in the right panel of figure 6A, over-expression of GFP-Rip11-F1 
caused extensive accumulation of tubulated membrane-bound organelles, which are 
likely recycling endosomes, since they contain Tf-HRP. Interestingly, most of these 
tubular endosomes exhibited a “beads-on-a-string” phenotype and were often extended 
along microtubules (Figure 6B-F, Figure 7A). The association of these endosomes with 
microtubules is consistent with previous observations that FIP5 also binds Kinesin-2 and 
regulates endosomal transport along microtubules. Furthermore, the putative Kinesin-2  
binding domain is located within FIP5’s C-terminus (Schonteich et al., 2008), thus 
allowing GFP-Rip11-F1 to interact with Kinesin-2. A similar, although less dramatic, 
“beads-on-a-string” phenotype was also observed in HeLa cells transfected with FIP5, 




Figure 2.6. FIP5 is required for the scission of endocytic carriers at recycling 
endosomes. (A) Control (left panel) and GFP-Rip11-F1 expressing (right panel) HeLa 
cells were incubated with Tf-HRP for 45 min at 37°C. Cells were then fixed and prepared 
for ultrastructural EM analysis. Electron dense dark precipitate indicates DAB reaction 
product and highlights the localization of transferrin-HRP. Scale bars, 5 µm. (B) GFP-
Rip11-F1 expressing HeLa cells were incubated with Tf-HRP for 45 min at 37°C. The 
DAB reaction was performed prior to permeabilization, antibody incubation and fixation. 
Electron dense dark precipitate indicates DAB reaction product and highlights the 
localization of Tf-HRP, while 10 nm Gold particles indicate the localization of GFP-
Rip11-F1 (arrows). Scale bars, 200nm. (C-F) Higher magnification images from HeLa 
cells expressing GFP-Rip11-F1 and loaded with Tf-HRP. Asterisks and arrows in C and 
D point to the “bead” that lacks Tf-HRP, while arrowheads track nearby microtubules. 




 Perhaps the most interesting observation is that Tf-HRP was not evenly 
distributed within the GFP-Rip11-F1-induced “beads-on-a-string” endosomes, since 
some “beads” contain high levels of Tf-HRP, while others appear to completely lack Tf-
HRP (marked by asterisks in Figure 6C and 6D; also see Figure 7A). This uneven Tf-
HRP distribution within a single endosome suggests that over-expression of the FIP5 
dominant-negative mutant allows for cargo sorting, but may block the scission of 
endocytic carriers, thus resulting in this “beads-on-a-string” phenotype. Consistent with 
this hypothesis, the majority of GFP-Rip11-F1 is localized to the necks between the 
“beads,” as well as to the necks of the forming buds at the ends of the endosomal tubules 
(Figure 6B). 
Sorting Nexin 18 is a FIP5-Binding Protein 
 Recent studies demonstrate that FIP family members function as scaffolding 
proteins that recruit various mediators of membrane transport to the recycling endosomes.  
To identify potential FIP5-binding proteins, we immunoprecipitated FIP5 from HeLa 
cells using anti-FIP5 antibody (Figure 8A). The protein bands present only in the anti-
FIP5 antibody lane, and not in the IgG control lane, were cut out and analyzed by mass 
spectrometry (Figure 8A). The corresponding areas from the IgG control were also cut 
out and analyzed as negative controls. Only proteins that were identified by at least two 
different peptides solely in the anti-FIP5 immunoprecipitate were considered as potential 
FIP5-binding proteins. Interestingly, proteomic analysis identified the clathrin heavy 
chain and sorting nexin 18 (SNX18) as FIP5 associating proteins (Figure 8A-B). To 
confirm that SNX18 and FIP5 are part of the same protein complex in vivo, anti-SNX18 




Figure 2.7. The tomogram depicting “beads-on-a-string” endosomes in cells 
expressing GFP-Rip11-F1. (A) Panels show sequential images from the tomogram of 
Tf-HRP-containing endosomes in HeLa cells expressing GFP-Rip11-F1. Dark precipitate 
in images is Tf-HRP. Arrowheads in images point to microtubules. (B) HeLa and MDCK 
cell lysates were separated by SDS/PAGE and immunoblotted with anti-SNX18 or anti-
SNX9 antibodies in the absence or presence of a 20-fold excess of recombinant purified 
GST-SNX18 or GST-SNX9. (C) 100 ng of GST-SNX9 and GST-SNX18 were 
immunoblotted with anti-GST (left panel), anti-SNX18 (middle panel) or anti-SNX9 
(right panel) antibodies. (D) Mock (left image) or FIP5 siRNA transfected (right image) 
cells were incubated with Tf-HRP for 60 min at 37°C. The DAB reaction was performed 
prior to permeabilization, antibody incubation and fixation. Electron dense dark 
precipitate indicates DAB reaction product and highlights the localization of Tf-HRP. (E) 






Figure 2.8. SNX18 is FIP5-binding protein. (A) FIP5 was immunopreciptated from 
HeLa cell lysates with anti-FIP5 antibody. The immunoprecipitate was then separated by 
SDS/PAGE and stained with Coomassie dye. Proteins listed in the figure were identified 
by at least two peptides from the anti-FIP5 immunoprecipitate, and were not present in 
the IgG control. (B) Human SNX18 sequence. Boxed regions indicate the peptides 
identified in proteomic analysis of the immunoprecipitate from panel A. (C) SNX18 or 
FIP5 were immunoprecipitated from MDCK cell lysates and immunoblotted with anti-
SNX18, anti-FIP5 and anti-SNX9 antibodies. (D) Schematic representation of the 
domains present in SNX9 and SNX18 proteins. Numbers between the SNX9 and SNX18 




demonstrated that FIP5 co-immunoprecipitates from MDCK cell lysates with anti-
SNX18 but not anti-SNX9 antibody (Figure 8C and data not shown). Similarly, SNX18, 
but not SNX9, co-immunoprecipitates with anti-FIP5 antibodies from MDCK cell lysates 
(Figure 8C). 
 SNX18 is one of over 30 members of the sorting nexin family of proteins, many 
of which have been identified as regulators of endocytic cargo sorting and vesicle 
formation.  SNX family proteins are peripheral membrane proteins that are characterized 
by the presence of a Phox-homology (PX) domain, which binds phosphatidylinositides 
(PIs) on membrane surfaces.  SNX18, along with its highly similar homologs, SNX9 
(depicted in Figure 8D) and SNX33, are part of a sub-family of SNXs that contain a BAR 
domain which binds to phospholipids and induces curvature in membranes, thus aiding in 
tubule and vesicle formation. The SNX9/18/33 family members are highly homologous 
to each other with the exception of the low complexity (LC) region (Figure 8D). SNX9, 
SNX18 and SNX33 were shown to have distinct subcellular localizations, and are 
thought to regulate different stages of endocytic trafficking, although recent work has 
shown that there may be some redundancy between SNX9 and SNX18 (Park et al., 
2010). To further characterize the interaction between FIP5 and SNX18, we performed 
isothermal titration calorimetry (ITC).  ITC analysis shows that FIP5 and SNX18 bind 
with an apparent Kd of 1.56 µM (Figure 9A and B). The binding appears to be specific to 
FIP5, since SNX18 interacts with other FIP family members with considerably lower 
affinity (Figure 9B). To test whether Rab11 regulates FIP5 binding to SNX18, purified 
recombinant FIP5 was incubated with GST-SNX18 beads in the presence or absence of 




Figure 2.9. FIP5 binds to SNX18-LC domain. (A-B) The affinity of FIP5 and SNX18 
binding as determined by ITC. N.D. stands for not detected. (C) Glutathione beads were 
coated with GST-SNX18, GST-SNX9 or GST alone and incubated with 6His-FIP5 or 
6His-FIP3 in the presence or absence of a five-fold excess of Rab11a-GTP. The amount 
of bound 6His-FIP3 or 6His-FIP5 was determined by immunoblotting with anti-FIP3 or 
anti-FIP5 antibodies. (D) Glutathione beads were coated with GST-SNX18 or GST alone 
and incubated with 6His-FIP5 in the presence of increasing concentrations of soluble 
recombinant SNX9. The amount of bound 6His-FIP5 was determined by immunoblotting 
with anti-FIP5 antibodies. (E) Schematic representation of the FIP5-binding domain in 









between FIP5 and GST-SNX18, suggesting that FIP5 can interact with Rab11 and 
SNX18 simultaneously. Surprisingly, FIP5 also bound to GST-SNX9, suggesting that 
FIP5 can bind in vitro to at least two members of the SNX9/18/33 family. To test if FIP5 
binds to SNX9 and SNX18 via the same domain, we tested whether SNX9 and SNX18 
compete for binding to FIP5. As shown in figure 9D, soluble SNX9 inhibited binding of 
FIP5 to GST-SNX18 beads. Furthermore, our competition assay suggests that the affinity 
of SNX9 binding to FIP5 appears to be similar to that of SNX18 binding to FIP5 (Figure 
9D). 
 To further characterize the interaction between FIP5 and SNX18, a series of 
SNX18 truncation mutants were created to determine the site of FIP5 binding to SNX18.  
The binding site was narrowed to a region of 20 amino acids (aa 180-200), which reside 
within the LC region of SNX18 (Figure 9D).  Interestingly, SNX18’s LC domain 
contains a conserved binding sequence for Arp2/3, called the “A-like domain,” that is 
also found in SNX9 (Shin et al., 2008), as well as the site for interaction with the AP-1 
complex (Haberg et al., 2008), with both of these sites located outside of the FIP5 
binding region (aa 180-200).  Since Arp2/3 and AP-1 have both been implicated in the 
regulation of endocytic budding, it is possible that SNX18 binding to FIP5 may be 
required for the formation and/or scission of endocytic carriers.   
FIP5 Induces SNX18-Dependent Tubulation of Liposomes  
 SNX18 and SNX9, being BAR domain-containing proteins known to bind 
phospholipids and induce curvature in membranes, likely contribute to tubule/vesicle 
formation and scission. Indeed, it was shown that SNX9 can tubulate liposomes in vivo, 
and is required for AP-2 and clathrin-dependent budding and scission at the PM. Since 
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SNX18 was shown to bind AP-1, we postulated that SNX18 may play a similar role as 
SNX9 plays at endosomes. The in vitro binding of SNX18 to liposomes was evaluated 
and indicated that SNX18 readily binds liposomes (Figure 10A). Since SNX18 contains a 
PX domain, the ability of SNX18 to bind different PIs was tested. As shown in figure 
10A, SNX18 binds to liposomes containing different PIs in a seemingly 
nondiscriminatory manner. This observation is consistent with previous reports that the 
PX domains of SNX9 and SNX18 exhibit little selectivity for various PIs (Di Paolo and 
De Camilli, 2006; Haberg et al., 2008; Pylypenko et al., 2007). 
 Since FIP5 contains a C2 domain, which was suggested to bind lipids (Lindsay 
and McCaffrey, 2004), the ability of FIP5 to bind liposomes containing various PIs was 
analyzed (Figure 10A and B). Consistent with previous reports, FIP5 did bind to 
liposomes, an interaction that is mediated by its C2 domain (Figure 10B).  However, in 
contrast to previous data (Lindsay and McCaffrey, 2004), no selectivity for specific lipid 
composition was detected (Figure 10A). The disparity in the results of these two binding 
assays may result from the present studies being direct liposome-binding assays, while 
previous work employed protein-phospholipid overlay assays. 
 Next we tested whether FIP5 binding affects the ability of SNX18 to bind lipids. 
To this end, we incubated SNX18 with PS/PC/PI(4,5)P2 liposomes in the presence or 
absence of GST-FIP5. As shown in figure 10C, addition of GST-FIP5 had no effect on 
SNX18 association with liposomes in vitro. Similarly, FIP5 depletion in MDCK cells had 
no effect on SNX18’s subcellular localization (data not shown), suggesting that FIP5 and 





Figure 2.10. FIP5 induces SNX18 and SNX9-dependent liposome tubulation. (A) 
SNX18 or FIP5 were incubated with PS/PC liposomes containing various phosphatidyl 
inositides. Liposomes were then sedimented and levels of bound SNX18 or FIP5 were 
determined by Coomassie staining. (B) C- (FIP5 C-terminal) or N-terminal (FIP5-C2) 
domains of FIP5 were tested for their ability to bind PS/PC liposomes containing 5% 
PI(4,5)P2. The levels of bound proteins were determined by Coomassie staining. (C) 
SNX18 was incubated with PS/PC/PI(4,5)P2 liposomes in the presence or absence of 
GST-FIP5. The levels of bound SNX18 and GST-FIP5 were determined by Coomassie 
staining. (D) EM analysis of liposomes incubated with GST, GST-SNX9, GST-SNX18, 
6His-FIP3 and 6His-FIP5. Arrows point to wide tubules (122.1+/-32.9nm, n=10), 
arrowheads point to narrow tubules (54.1+/-18.1nm, n=10). Asterisks mark short tubules 




 Since both SNX18 and FIP5 are capable of independently binding liposomes, the 
capacity of SNX18 and FIP5 to independently or coordinately tubulate liposomes was 
evaluated.  Interestingly, while SNX18 alone was capable of inducing a small number of 
membrane tubules (Figure 10D), pre-incubation of SNX18 with FIP5 resulted in a much 
greater degree of liposome tubulation (Figure 10D). Interestingly, SNX18 co-incubation 
with FIP5 resulted in liposome tubules of two distinct sizes. The larger tubules 
(122.132.9 nm, n=10) were shorter and often connected non-tubulated liposomes, thus 
resembling a “beads-on-a-string” phenotype (Figure 10D, arrows). In contrast, thinner 
tubules (54.118.1 nm, n=10) were longer and usually not connected to round liposomes 
(Figure 10D, arrowheads). Finally, consistent with in vitro binding experiments, 
liposomes incubated with SNX9 and FIP5 also showed a higher degree of tubulation as 
compared to SNX9 alone (Figure 10D). In contrast, SNX18 incubated with FIP3 did not 
induce liposome tubulation, nor did GST or FIP5 alone (Figure 10D).  These results 
indicate a role for FIP5 as an activator of SNX9/18’s tubulating activity that may play a 
role in the formation and/or scission of endocytic transport carriers. 
SNX18 Localizes to Endocytic Compartments and is Required for Lumen 
Morphogenesis  
 The subcellular localization of proteins often provides clues about their potential 
functions. Unfortunately, published reports about the localization of SNX18 have been 
controversial. Carlsson and colleagues have demonstrated that in HeLa cells, SNX18 is 
present on endosomes and may regulate endocytic transport (Haberg et al., 2008). In 
contrast, recently published work suggested that SNX18 has redundant functions with 
SNX9, and may actually work with and localize to the plasma membrane (Park et al., 
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2010). To further understand the subcellular distribution of SNX18, we analyzed the 
localization of SNX18 in filter-grown, polarized MDCK cells. As shown in figure 11A-
D, the majority of endogenous SNX18 was localized in the cytosol and on endosome-like 
organelles, rather than at the plasma membrane. This data support the hypothesis that 
SNX18 may aid in mediating vesicle budding and/or scission in endosomes. Note that, 
unlike FIP5, in 2D or 3D-grown MDCK cells, SNX18 was not only present on apical 
endosomes, but could also be detected on basolaterally-located organelles (Figure 11). 
Thus, it is likely that SNX18 regulates basolateral endocytic transport steps in addition to 
apical transport. 
 In addition to MDCK cells, we compared the localization of SNX18 and SNX9 in 
HeLa cells. As shown in figure 11G, GFP-SNX9 was predominately localized to multiple 
puncta present at the plasma membrane. In contrast, GFP-SNX18 was predominately 
localized to perinuclear organelles (Figure 11H). These organelles are likely recycling 
endosomes, since they could be labeled with Tf-Alexa495 (Figure 11I-K). Interestingly, 
while GFP-SNX18 and Tf-Alexa495 were both present on some of the endocytic 
organelles, they were often enriched in different recycling endosomal sub-domains 
(Figure 11I-K, GFP-SNX18 domains marked by arrowheads). Thus, SNX18 may be 
required for the sorting and/or budding of specialized cargo, while having no role in the 
trafficking of the TfR. To test this hypothesis, we analyzed Tf uptake and recycling 
dynamics in HeLa cells transfected with SNX18 siRNA (Figure 12F).  Consistent with 
our localization data in HeLa cells, we see no effect of SNX18 knock-down on either Tf 





 Figure 2.11. SNX18 is enriched at endocytic organelles, but not at the plasma 
membrane in HeLa and polarized MDCK cells. (A-D) Filter-grown, polarized MDCK 
cells were fixed and stained with anti-SNX18 antibody in the absence (A and C) or 
presence (B and D) of a 20-fold excess of GST-SNX18. Images A and B were taken at 
the apical level. Images C and D were taken at the basolateral level. (E and F) MDCK 
cells were grown in 3D cultures for 9 days. Cells were then fixed and stained with anti-
SNX18 (E) or anti-FIP5 (F) antibodies. (G-K) HeLa cells were transfected with either 
GFP-SNX9 (G) or GFP-SNX18 (H-K). In I-K, cells were loaded with Tf-Alexa594 for 
30 minutes before imaging. Arrowheads in I-K point to endocytic sub-domains enriched 





Figure 2.12. Characterization of MDCK cell lines expressing tet-inducible SNX18 
shRNA. (A and B) MDCK-shSNX18 cells were grown in the presence of 1 µg/ml 
doxycyline for varying amounts of time. Cells were then lysed and immunoblotted with 
anti-endolyn, anti-SNX18, and anti-e-Cadherin antibodies. (C) Lysates of Mock or 
SNX18 siRNA-transfected HeLa cells immunoblotted with anti-SNX18 and anti-SNX9 
antibodies. (D) Filter-grown, polarized MDCK-shSNX18 cells were incubated in the 
presence or absence of 1 µg/ml doxycyline. Cells were then fixed and stained with anti-
SNX18 and anti-Occludin antibodies. Numbers below images are the trans-epithelial 
resistances measured just before fixing cells for microscopy. The data shown are the 
mean and standard deviation from four separate experiments. (E) The quantitation of Tf-
biotin recycling to the apical or basolateral plasma membrane in cells grown in the 
presence or absence of 1 µg/ml doxycyline. (F) Mock or SNX18 siRNA-transfected 
HeLa cells were incubated with 20 µg/ml Tf-Alexa647. At different time points, cells 
were washed, fixed and the amount of internalized Tf-Alexa647 was analyzed by flow 




 Since SNX18 appears to regulate the endocytic transport of specialized cargo, we 
speculated that it may mediate apical protein targeting during lumen formation in 
polarized cells. To that end, a tet-inducible SNX18 shRNA-expressing MDCK cell line 
(MDCK-shSNX18) was created. As shown in figure 12A-C, after incubation with dox for 
96 hours, this cell line knocks-down SNX18 by greater than 85%, while having no effect 
on SNX9 levels. Just as with the FIP5 shRNA-expressing cell line, filter-grown SNX18-
depleted cells can still form a polarized monolayer with intact tight junctions, as observed 
by anti-Occludin staining and an unchanged trans-epithelial electrical resistance (Figure 
12D).  Furthermore, consistent with our data using HeLa cells, the knock-down of 
SNX18 had no significant effect on the rate or fidelity of the transferrin receptor’s 
recycling in MDCK cells (Figure 12E). To determine whether SNX18 is required for 
proper epithelial lumen morphogenesis, MDCK-shSNX18 cells were grown in 3D 
cultures and allowed to develop into mature cysts. After 9 days, ~70% of untreated 
MDCK-shSNX18 cells formed normal cysts with a single lumen (Figure 13A-B), while 
~75% of SNX18 knock-down cysts were disorganized, mis-polarized in areas, and 
formed multiple lumens (Figure 13A-B). This phenotype can be rescued by expressing 
shRNA-resistant myc-SNX18 (Figure 13B). To test whether SNX18 is also required for 
the early stages of lumen formation, we imaged 3D cultures 12 hours after plating to 
determine whether SNX18 knock-down has any effect on the initiation of lumen 
formation.  While ~80% of control cysts formed a single lumen (Figure 13C and E), 
~75% of SNX18-depleted cells formed cysts with multiple lumens, with only about 25% 
of knock-down cysts forming a single lumen (Figure 13C and E).  If dox was added after 




Figure 2.13. SNX18 is required for the establishment of the apical lumen at the early 
stages of epithelial cyst formation. (A-B) MDCK-shSNX18 cells grown for 9 days in 
the presence (A-c and A-d) or absence (A-a and A-b) of 1 µg/ml of dox. (B) Quantitation 
of epithelial cysts with a single lumen. Data are the means and standard deviations 
derived from three independent experiments. n is the number of cysts analyzed. Scale 
bars, 8 µm. (C-E) Cells grown for 74 hours in the presence (C-c, C-d and C-f) or absence 
(C-a, C-b and C-e) of 1 µg/ml of doxycyline to pre-knock-down SNX18. Cells were then 
seeded in 3D cultures and grown for 24 hours. (E) Quantitation of 3D cyst polarization at 
the 2 and 4 cell stages of the experiment shown in panel C. Scale bars, 3 µm. (D) 
Quantitation of  9 day cysts with a single lumen in cells incubated ±1 µg/ml of dox added 
after 24 hours.  
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although statistically significant, effect on the expansion and maintenance of single 
lumens (Figure 13D). These data collectively imply that SNX18, like FIP5, is involved in 
the establishment of a single apical lumen during the formation of epithelial cysts.     
 
Discussion 
 Polarized membrane trafficking is critical for the morphogenesis of the apical 
lumen in epithelial cells (Lubarsky and Krasnow, 2003; Martin-Belmonte and Mostov, 
2008), and thereby is required for the maintenance of the specialized functions carried out 
by these cells.  Rab11 is a Ras-like small GTPase that has been shown to regulate 
endocytic recycling in the polarized epithelia and is thought to be involved in apical-
directed transport (for review, see (Prekeris, 2003), which is critical for the maintenance 
of epithelial cell polarity. Recent studies have also implicated Rab11 in mediating the 
proper establishment and expansion of the apical lumen (Desclozeaux et al., 2008). 
Rab11 functions by interacting with and recruiting several effector proteins (Prekeris, 
2003; Tarbutton et al., 2005). Here we demonstrate that FIP5, a known Rab11 effector 
protein (Prekeris et al., 2000), is required for the initial formation of the apical lumen, 
likely by regulating the formation and scission of gp135-containing transport vesicles 
from apical recycling endosomes. We also show that FIP5 regulates transport vesicle 
formation by binding and activating SNX18, a BAR domain-containing protein involved 
in membrane remodeling. This work, in combination with a recently published study 
from Dr. Mostov and colleagues (Bryant et al., 2010), demonstrates that Rab11 GTPase 
mediates epithelial tissue morphogenesis by sequentially regulating the generation, 
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targeting and fusion of gp135-containing endosomes to the AMIS during the initiation of 
lumen formation.  
 Rab11 forms mutually exclusive complexes with various FIPs (Meyers and 
Prekeris, 2002), a process thought to allow Rab11 to function in many distinct endocytic 
recycling pathways.  Since FIP5 is an apically-localized protein which is required for 
transcytosis to the apical plasma membrane, we hypothesized that FIP5 may regulate 
gp135 transport during the formation of the apical lumen.  Indeed, the knock-down of 
FIP5 results in the formation of multiple lumens in epithelial cysts, while having no 
effect on the fidelity or kinetics of the basolateral transport of the TfR. The formation of 
multi-lumen cysts is an indication of defects in either the initiation or 
expansion/maintenance of the apical lumen. The generation of tet-inducible shRNA cell 
lines allows us to test whether FIP5 is required during or after lumen formation. 
Interestingly, while the depletion of FIP5 during the formation of the apical lumen 
resulted in multi-lumenal epithelial cysts, FIP5 knock-down after the initiation of the 
lumen had little effect on epithelial cyst organization. These data suggest that FIP5 and 
the transcytotic pathway may only play a minor role in the expansion and maintenance of 
the apical lumen and are mainly required for the initial inversion of polarity and lumen 
initiation. 
 Our proteomics data identified SNX18 as a putative FIP5-interacting protein - a 
finding that is further supported by our pull-down and ITC assays. Since SNX9/18/33 
family member proteins contain a BAR domain and are often implicated in mediating 
transport carrier formation and scission, this interaction suggests a potential role for 
SNX18 and FIP5 in the formation of endocytic carriers on apical recycling endosomes. 
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Indeed, it was previously suggested that in non-polarized cells, SNX18 is localized to and 
functions in endocytic organelles (Haberg et al., 2008), although this suggestion remains 
controversial. Consistent with this hypothesis, we show that SNX18 is capable of 
liposome tubulation in vitro. Pre-incubation of SNX18 with FIP5 results in a further 
increase in liposome tubulation, arguing for a role for FIP5 in the activation of SNX18, 
likely via the binding-induced opening of SNX18’s BAR domain. Indeed, it was 
previously shown that the over-expression of full-length SNX18 and SNX9 constructs 
result in less tubulating activity as compared to the over-expression of only the PX-BAR 
domains of these proteins (Haberg et al., 2008). Recent structural studies also suggested 
that the SH3 domain of SNX9 interacts with the SNX9-BAR domain in vitro (Wang et 
al., 2008b). Thus, it is likely that SNX18 is also auto-inhibited by the SNX18-SH3 
domain binding to the SNX18-BAR domain. Following, the binding of FIP5 to the LC 
region of SNX18 likely results in the opening and activation of SNX18. Consistent with 
the involvement of FIP5 in endocytic carrier scission, over-expression of the FIP5 
dominant-negative mutant results in the tubulation of endosomes and the formation of 
endocytic “beads-on-a-string” structures. Since inhibition of FIP5 would prevent the 
activation of endocytic SNX18, this “beads-on-a-string” phenotype is likely due to the 
failure of the scission of endocytic carriers from the recycling endosomes. Indeed, most 
of the gold labeling for the FIP5 mutant was localized to the necks of the beads and buds, 
which are the likely scission sites of the forming endocytic carriers. 
 The physical and functional association between FIP5 and SNX18, in light of 
SNX18’s predominantly endocytic localization, brings up the possibility that SNX18 and 
FIP5 function together during epithelial lumen morphogenesis. Consistent with this, 
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knock-down of SNX18 leads to a multi-lumen phenotype. Furthermore, SNX18 is also 
predominantly required during the early stages of lumen formation and its knock-down 
leads to a phenotype similar to the one resulting from FIP5 knock-down. Taken together, 
our data suggest that FIP5 binding to SNX18 induces SNX18-BAR domain-dependent 
membrane bending, and that SNX18 activation is required for the formation and/or 
scission of gp135-containing transport vesicles at apical recycling endosomes. 
 Surprisingly, our data show that in vitro, FIP5 also interacts with SNX9 with an 
affinity that is similar to SNX18 binding. Furthermore, liposome assays show that FIP5 
binding also induces SNX9-dependent membrane tubulation. While we cannot rule out 
the possibility that FIP5 interacts with SNX9 in vivo, it is not likely that this interaction 
plays any role in mediating protein transport from apical recycling endosomes to the 
apical plasma membrane. Multiple studies have shown that SNX9 localizes to the plasma 
membrane, where it regulates protein endocytosis. In contrast, FIP5 is associated with 
apical recycling endosomes, and is not present at the plasma membrane (Prekeris et al., 
2000) (Figure 1). Furthermore, while SNX9 is known to regulate Tf endocytosis, FIP5 
knock-down has no effect on the rate of Tf uptake at the plasma membrane (Schonteich 
et al., 2008). It is likely that within the cell, differences in the spatial distribution between 
SNX9 and SNX18 ensure that FIP5 binds only to SNX18. Indeed, FIP5 and SNX18 
interact only with micromolar affinity, which is too low for the recruitment of SNX18 to 
membranes in a FIP5-dependent manner. Thus, lipid binding-mediated recruitment and 
enrichment of SNX18 at the recycling endosomes would be required to allow interaction 
with FIP5. Consistent with this, FIP5 knock-down did not affect SNX18’s localization to 
endosomes and binding to FIP5 had no effect on the efficiency of SNX18 binding to 
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liposomes in vitro. What remains unclear is how the specificity of SNX18’s recruitment 
to endosomes is regulated, since SNX18’s PX domain does not differentiate between 
different phosphatidylinositides. Similarly, the mechanisms mediating SNX9 targeting to 
the plasma membrane also remain to be understood. 
 In addition to FIPs, Rab11 binds several other effector proteins. Some of them, 
such as the Exocyst complex and Rabin8, were also implicated in mediating the Rab11-
dependent targeting and fusion of gp135-containing endosomes with the apical plasma 
membrane (Bryant et al., 2010). What remains unclear is how Rab11 interactions with 
FIPs, Rabin8 and the Exocyst complex are regulated. Structural studies of FIP2, FIP3 and 
Sec15 proteins show that they all bind Rab11 switch motifs (Eathiraj et al., 2006; Jagoe 
et al., 2006; Wu et al., 2005). Furthermore, since Rabin8 binds Rab11 in a GTP-
dependent manner, it also likely interacts via the switch motif of Rab11 GTPase (Knodler 
et al.). As a result, Rab11 should not be able to bind to Sec15, Rabin8 and FIP5 
simultaneously. How then does Rab11 mediate the formation and targeting of gp135-
containing endosomes? The likely scenario is that Rab11 sequentially binds to FIP5, 
Rabin8 and the Exocyst complex in a “hand-me-down” manner. Consistent with this, 
FIP5 and the Exocyst mediate different steps of apical transport. While Rab11 binding to 
Sec15 is required for gp135 targeting to the apical plasma membrane (Bryant et al., 
2010), our data suggest that FIP5 and SNX18 mediate gp135-containing endosome 
formation and/or scission. Future studies will be needed to understand the mechanisms 
that regulate the sequential interaction of Rab11 GTPase with multiple effector proteins 
during apical transport. 
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 In summary, we propose that during normal lumen morphogenesis, apical 
proteins, such as gp135 and Crumbs, are internalized from the basolateral plasma 
membrane and are transported to apical recycling endosomes. There, apical proteins are 
sorted into specialized transport organelles that carry cargo to the site of the forming 
apical lumen. Rab11 GTPase appears to play a key role in regulating multiple steps of 
this transport pathway. First, the formation and/or scission of these carriers is mediated 
by the interaction between the Rab11 effector protein, FIP5, and its binding partner 
SNX18. This binding initiates the process that leads to the activation of SNX18 and the 
induction of endocytic membrane bending (Figure 14). Recent studies have also 
implicated Arp2/3 (Shin et al., 2008) and N-WASP as SNX9 binding proteins that 
mediate endocytosis. Interestingly, SNX18 shares SNX9’s conserved Arp2/3 binding “A-
like” domain, as well as its N-WASP binding domain, potentially allowing SNX18 to act 
as a site of interaction with the actin cytoskeleton. Thus, it is possible that SNX18 
activation by FIP5 also leads to an increase in Arp2/3-dependent actin polymerization 
and scission, although this remains to be demonstrated (Figure 14). Newly formed 
transport organelles are then targeted to the apical plasma membrane, possibly via Rab11 
binding to Rab8/Rabin8 and the Exocyst complex (Figure 14) (Bryant et al., 2010). 
Recent studies have shown that Rab11-dependent apical transport also results in the 
activation of Cdc42 and the formation of the Par3-Par6 complex (Bryant et al., 2010; 
McCaffrey and Macara, 2009), both known regulators of cortical epithelial polarity. 
Additionally, FIP5 is known to bind Kinesin-2 (Schonteich et al., 2008), providing a link 
to a potential mechanism for the transport and targeting of FIP5-positive vesicles. 




Figure 2.14. Proposed model of the roles of FIP5 and SNX18 in apical lumen 
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be completed, emerging data suggest that Rab11 and its binding proteins play a key role 







FIP5a REGULATES APICAL LUMEN MORPHOGENESIS IN THE 
ZEBRAFISH INTESTINAL BULB 
 
Abstract 
 During the morphogenesis of the epithelial lumen, apical proteins are thought to 
be transported via endocytic compartments to the site of the forming lumen, although the 
machinery mediating this transport remains to be elucidated. Rab11 GTPase and its 
binding protein, Rab11 Family Interacting Protein 5 (FIP5), are important regulators of 
apically-directed endocytic transport in polarized cells. Here, we utilize morpholino 
oligonucleotide-based knockdown techniques in Danio rerio to demonstrate the role of 
FIP5a in lumenogenesis and organ morphogenesis in vivo. We have shown that FIP5a 
expression is enriched in the zebrafish intestinal bulb, and that FIP5a is required for the 
transport of apical proteins to the site of the forming lumen during the early stages of 
intestinal polarization. Additionally, we report that FIP5a depletion results in the 
accumulation of apical proteins in large endosomes or vacuoles, reminiscent of the 
phenotype observed in the small intestine of patients with Microvillus Inclusion Disease, 
where FIP5 is not observed. Our data support the hypothesis that FIP5a is a key regulator 
of apicobasolateral polarization in epithelial tissue via its role in the transport of apical 







A Primer on Zebrafish as a Model Organism 
 Mammalian models have classically been forerunners in the fields of understanding 
and treating human disease states. This is largely due to the high level of homology 
between mammalian genomes, in addition to the general likeness amongst mammals in 
terms of their basic anatomy and physiology. As a result, the mouse has been 
instrumental in the understanding of cell and developmental processes, and the treatment 
of disease states in humans. While fellow mammalian models do perhaps offer the 
highest direct relevancy to human research, this is not the only factor that comes into play 
when selecting an animal model for biomedical research. For example, Drosophila 
melanogaster and Caenorhabditis elegans, due to their low cost of maintenance and the 
simplicity of the required husbandry infrastructure needed to maintain these animals, 
have allowed a variety of techniques and screens in invertebrates that at this point are 
simply not feasible in mammalian research. Two such techniques are random 
mutagenesis-based reverse genetics and forward genetic screens. While these techniques 
have long been established in mammals (Coghill et al., 2002; Hrabe de Angelis et al., 
2000; Nolan et al., 2000), they are require significant infrastructure and manpower to 
conduct. On the other end of the spectrum, invertebrate research has its merits and clear 
applications, but it can be difficult or impossible to answer certain vertebrate-specific 
questions using these models, and this is where the zebrafish comes in.  
 Zebrafish have been around as a model organism in biomedical research since the 
1930s - with only a handful of papers being published on zebrafish during the entirety of 
that decade. This model system originated as a developmental and embryological model, 
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with surprising success due to the ease of use of these embryos. The zebrafish has several 
notable advantages over other model organisms. For one, the optical clarity of the 
embryos and early larvae allow for visualization of cell- and tissue-level events in real 
time. Moreover, the fact that the embryos develop externally to the mother allows for a 
relative ease of embryological manipulability (Laale, 1977) and real-time observation of 
the processes of development in the animal's normal environment.  
 During the 1980s, there was a surge in genetic technique availability for zebrafish 
cloning (Streisinger et al., 1981) was now possible, along with mutagenesis (Chakrabarti 
et al., 1983; Grunwald and Streisinger, 1992a; Grunwald and Streisinger, 1992b; Solnica-
Krezel et al., 1994; Walker and Streisinger, 1983), transgenesis (Stuart et al., 1988), and 
gene mapping approaches (Streisinger et al., 1986). The affordability and high 
proliferative ability of the zebrafish allow the possibility of applying larger-scale forward 
genetic techniques to a vertebrate developmental model. Thus in the 1990s, with the basic 
tools now in place, there was an impressive boom in zebrafish research including a large 
number of genetic screens that defined a database of developmental mutants in the 
zebrafish line (Amsterdam et al., 1999; Driever et al., 1996; Haffter et al., 1996). Over 
the last two decades, the sheer volume of work conducted in zebrafish has been amplified 
enormously. Now developmental processes can be observed in the zebrafish in real time, 
all while allowing the embryo to remain within the conditions of its natural habitat. 
Moreover, many of the basic genetic screening techniques utilized in mammalian models 





Genetic Approaches and Tools in Zebrafish Biology  
 In 1981, Streisinger defined zebrafish as an up and coming animal model through 
his work displaying that random mutagenesis and mutant screens were in fact possible in 
the small teleost, the zebrafish (Streisinger et al., 1981). Random mutagenesis is induced 
in the zebrafish using forward genetics techniques, and these random mutants are then 
screened and segregated by phenotype (Driever et al., 1996; Haffter et al., 1996). Mutants 
sharing a common phenotype can then be studied to shed light on a process of interest. 
The most common method of inducing mutations is via exposure of the zebrafish to 
ethylnitrosourea (ENU) (Mullins et al., 1994; Riley and Grunwald, 1995), which 
typically induces point mutations (Knapik, 2000). One of the benefits of ENU 
mutagenesis in zebrafish as opposed to in mice, in which ENU is also used (Soewarto et 
al., 2000),  comes from the zebrafish's relatively high resistance to ENU toxicity (Mullins 
et al., 1994; Riley and Grunwald, 1995; Rinchik, 1991; Solnica-Krezel et al., 1994). This 
resistance translates to the zebrafish being able to withstand greater levels of mutagenesis 
and thereby higher locus hit rates than other animal models have been capable of 
withstanding (Driever et al., 1996; Haffter et al., 1996; Russell et al., 1979; Wienholds et 
al., 2002). While ENU screens are the most popular method of random mutagenesis 
induction in zebrafish, it comes taxed with a more laborious process of identifying the 
mutated gene than other methods. Retroviral methods, which exhibit a strikingly lower 
level of efficiency than do chemical mutagens such as ENU, come with the advantage of 
each insertion site being tagged (Amsterdam and Hopkins, 1999; Amsterdam and 
Hopkins, 2004).  
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 Going in the opposite direction, reverse genetics are conducted by selecting a 
particular gene of interest, perturbing its function, and assessing the resulting phenotypes. 
One such method of testing gene function in zebrafish is targeting induced local lesions 
in genomes (TILLING) (McCallum et al., 2000). Using TILLING, mutations in zebrafish 
genes orthologous to loci of human disease can be created (Sood et al., 2006; Wienholds 
et al., 2003). As an alternative to inducing genetic mutations in the zebrafish, 
overexpression and knockdown techniques are also available. Injection of mRNA into the 
early developing embryo leads to overexpression of your gene of interest 
(Hammerschmidt et al., 1999). Alternatively, knockdown can be accomplished via the 
microinjection of antisense morpholino oligonucleotides into the yolk of a one to eight 
cell embryo (Nasevicius and Ekker, 2000). Moreover, a technique called "caging" uses 6-
bromo-4-diazomethyl-7-hydroxycoumarin (Bhc-diazo) to bind targeted RNA, and 
thereby deactivate the RNA. Upon exposure to ultraviolet light, the RNA becomes 
"uncaged" and can then function normally, allowing for temporal regulation of gene 
knockdown (Ando et al., 2001). 
 While gene targeting by homologous recombination currently remains out of 
reach in the zebrafish world (Fan and Collodi, 2006; Langenau et al., 2005a), transposon-
mediated transgenesis has been a tool widely used to create transgenic zebrafish 
(Balciunas et al., 2006; Kawakami, 2004). This technique has resulted in the generation 
of numerous transgenic zebrafish lines that express an array of fluorescent proteins in 
different cell types, regions, organs, and times during development (Udvadia and Linney, 
2003). The ability to fluoresce a specific region of the zebrafish allows for real time, in 
vivo imaging of developmental events. Additionally, transgenic fish have a distinct place 
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in cancer research, with the existence of several transgenic lines exhibiting fluorescent 
tumors (Langenau et al., 2005a; Langenau et al., 2005b; Langenau et al., 2003). Zebrafish 
have additionally been used as models for acquired diseases spanning everything from 
metabolic diseases (Donovan et al., 2000; Fleming and Sly, 2001; Wang et al., 1998) to 
toxic load and poisoning models (Amanuma et al., 2000; Liu et al., 2006; Yabu et al., 
2005).  
 With the growing number of resources available to the zebrafish community, 
zebrafish research will likely continue to thrive. However, working with this model 
organism does come with its disadvantages. There are currently limited antibodies, 
reagents, and mutant as well as transgenic zebrafish lines available. There will have to be 
a continued effort to create these necessary tools and to make them available for the 
continued advancement of zebrafish research. Moreover, while the zebrafish is a 
vertebrate, it is not a mammal. Therefore, there are certain cases where the physiological 
differences between zebrafish and humans may complicate our findings. There might also 
be cases where gene function has diverged too much for zebrafish research to be readily 
applicable to human disease. Following, Danio rerio as a model organism is a vital 
complement to the existing mammalian and invertebrate model organisms, but not a 
replacement.  
The Use of Morpholinos in Zebrafish  
 While the number of ENU-induced mutant zebrafish lines is steadily increasing, 
one of the difficulties with zebrafish as a model organism is the lack of available 
resources with which to induce targeted genome manipulation. Due to the prevalence of 
mouse embryonic stem cell lines, a specific DNA target can be manipulated in vivo and 
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subsequently injected into the mouse blastocyst to induce gene knockout (Capecchi, 
1989). Thereby, mouse models have been the main avenue of targeted DNA 
manipulation. It remains difficult to generate a specific knockout model in zebrafish, 
though there are methods that can be used. Recently, one such method has come into use 
in the zebrafish community: zinc-finger nucleases (ZFNs). ZFNs can be created to target 
a gene of interest, and to specifically generate mutations in somatic cells and the germ 
line via the generation of targeted double strand breaks, and the resultant stimulation of 
non-homologous end-joining (NHEJ)-mediated repair (Doyon et al., 2008; Meng et al., 
2008). Despite the introduction of this technique to the zebrafish model system years ago, 
the many difficulties associated with ZFN use have prevented it from becoming a more 
commonly used technique. The most common risk associated with ZFN-induced gene 
manipulation is ZFN-associated genotoxicity, or the prevalence of off-target cleavage 
events within the genome (Amacher, 2008). Furthermore, NHEJ-mediated DNA repair 
can result in insertions or deletions at the target site, which often result in the expression 
of a truncated or nonfunctional protein (Cathomen and Joung, 2008). 
 In light of the high cost of ZFNs and the multiple generation timeline imposed by 
the method, we have chosen to focus our studies on a morpholino-based approach due to 
its relatively inexpensive cost and the rapid ability it affords of generating affected 
zebrafish. Inhibition of RNA translation in specific genes is accomplished in zebrafish 
via the injection of antisense morpholino oligonucleotides (MOs) (Bill et al., 2009; 
Eckfeldt et al., 2005; Pickart et al., 2006). MO injections, as a knockdown technique have 
become well-utilized within the zebrafish community as it has applications in large-scale 
screening (Eckfeldt et al., 2005; Pickart et al., 2006), determining the functions of 
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specific genes (Lan et al., 2007), and in the confirmation of mutant phenotypes (Dutton et 
al., 2001; Nasevicius and Ekker, 2000; Pickart et al., 2004). MOs consist of standard 
DNA bases attached to a morpholine ring on a neutral phosphorodiamidate backbone 
(Figure 1A) (Bill et al., 2009). In zebrafish, MOs are classically designed as an oligomer 
of 25 morpholine bases complementary to the RNA of interest. These bases are 
synthesized and  delivered to the zebrafish embryo via MO microinjection into the yolk 
of a 1 to 8 cell embryo. At this stage in development, the MO is delivered throughout the 
dividing cell(s) of the animal pole, as the cells are still connected to the yolk via 
cytoplasmic bridges (Nasevicius and Ekker, 2000). The two most common uses of MOs 
in zebrafish are to induce splice blocking and translation blocking properties 
(Summerton, 1999; Summerton and Weller, 1997), and thereby induce a targeted 
knockdown. 
 Splice blocking MOs are proposed to work via binding a junctional site of an 
exon, and thereby inhibiting the binding of certain spliceosome components (Morcos, 
2007). Splice blocking MOs can be targeted against the 3' end of an exon, called the 
splice donor site, or against the 5' end of an exon, the splice acceptor site. A MO targeted 
against a splice donor site would typically be antisense to either the last 25 bases of that 
exon, the first 25 bases of the following intron, or a combination or bases from the exon 
and intron including the exon/intron boundary site. MOs designed to target the splice 
donor site are thought to prevent the binding of the U1 spliceosome complex (Figure 1C) 
(Morcos, 2007). A splice acceptor site MO is commonly designed to complement either 
the last 25 bases of the preceding intron, the first 25 bases of the exon of interest, or a 




Figure 3.1. Morpholino oligonucleotides and their mechanisms of knockdown. (A) 
Schematic representation of a phosphorodiamidate backbone with a morpholine ring. (B) 
Normal binding of all spliceosome components in the absence of MOs. (C) Splice 
blocking MOs targeted to the splice donor site hinder the binding of the U1 complex. (D) 
Splice blocking MOs targeted to the splice donor site inhibit the recruitment of the U2 
complex. (E) Normal function of the 40S and 60S ribosomes for translation. (F) 
Translation blocking MOs prevent normal ribosome assembly and function by providing 





The mechanism of action of a splice acceptor site targeted MO is that upon RNA binding, 
binding of the U2AF protein is inhibited, and thereby the U2 spliceosome complex is not 
recruited (Figure 1D). Inhibition of spliceosome component binding at either a splice 
donor or acceptor site is predicted to disrupt lariat formation, and thereby prevent the 
proper processing of mRNA (Figure 1B) (Morcos, 2007). This flaw in processing often 
results in the inclusion of the intron, and a resulting premature stop codon, followed by 
non-sense mediated decay of the resulting transcript. Splice blocking MO efficacy and 
resultant protein knockdown can be assessed via reverse-transcriptase PCR of wild-type 
and knockdown mRNA (Morcos, 2007). 
 A translation blocking MO is often used to support results obtained from the use 
of a splice blocking MO, and vice versa. This type of MO is targeted to a sequence of 
mRNA either within the last 25 bases of the 5' untranslated region (UTR), within the first 
25 bases of the gene of interest's start site, or a combination of bases from the 5' UTR and 
the start of the gene, including the start AUG codon. Translation blocking MOs are 
thought to interfere with ribosome assembly, and thereby prevent normal scanning of the 
40S ribosome (Figure 1F). Thus, normal translational initiation and elongation are 
abrogated by MO binding, inhibiting translation (Summerton, 1999). The level of 
knockdown resulting from use of a translation blocking MO can be determined by 
antibody labeling if an antibody is available (Nasevicius and Ekker, 2000).  
 An alternative method for confirming knockdown specificity, and allowing for the 
quantification of exogenous protein knockdown, is through coinjection of an mRNA 
construct with the 5' UTR of the gene of interest directly upstream of a protein tag, such 
as hemagglutinin (Collart et al., 2005) or GFP (Fausett et al., 2008). Modifying the 
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technique described by Collart and colleagues (Collart et al., 2005), approximately 50 
base pairs of the 5' UTR, along with the open reading frame of the gene of interest, would 
be cloned and tagged with hemagglutinin (HA). A sense mRNA construct would be 
made. The antisense translation-blocking MO (targeted against the start codon of the 
gene of interest) whose specificity is in question would then be coinjected with the HA-
tagged sense mRNA of the gene of interest into the yolks of 1 cell-staged embryos. 
Additionally, the HA-tagged sense mRNA of the gene of interest would be injected alone 
into embryos. Gene knockdown can then be analyzed via Western blotting lysates at the 
appropriate time points with an anti-HA antibody. This technique allows one to test the 
gene-specificity of a MO in question, and also to determine the percent knockdown 
observed on the exogenously-expressed gene of interest. As this technique does not 
assess endogenous protein knockdown, the use of an antibody against the gene of interest 
is always preferable if available.  
 Specificity is always a concern with the use of morpholinos. The ideal test of MO 
specificity is rescue. Co-injection of the MO with morpholino-resistant mRNA of the 
gene of interest allows you to distinguish between the nonspecific effects of the MO, and 
the specific effects of targeted gene knockdown (Hyatt and Ekker, 1999). The use of 
splice blocking MOs in conjunction with translation blocking MOs is widespread, as a 
conserved phenotype across two differentially acting MOs makes a strong case for a 
gene-specific phenotype. However, the distinction in the mechanisms of action between 
these types of MOs sometimes results in a less than perfect match of the resulting 
phenotypes. This is because splice blocking MOs can inhibit only zygotic transcripts, 
while translation blocking MOs can inhibit both zygotic and maternal transcripts (Draper 
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et al., 2001; Nasevicius and Ekker, 2000). However, these two phenotypes can be 
identical or overlapping. Moreover, there is a recent addition to the standard of practice 
when using morpholinos in zebrafish. This is the coinjection of an equal amount of the 
p53 MO (available from Gene Tools) with your gene-specific MO. The p53 MO has been 
shown to reduce the upregulation of the p53 pathway seen as a result of off-target effects 
observed with the use of a number of morpholinos (Robu et al., 2007). This p53 MO 
reduces the amount of apoptotic side effects resultant from the use of certain MOs, but 
does not abrogate all cell death. Thereby coinjection with the p53 MO has been accepted 
as standard practice when studying non-p53-dependent pathways (Eisen and Smith, 2008; 
Robu et al., 2007). 
Zebrafish Intestinal Development 
 While the formation of the alimentary canal differs greatly between vertebrate 
species, the importance of the functions it performs is universally transparent. The 
intestinal tract is a dynamic system that carries out several tasks key to the survival of all 
vertebrates. It serves as the internal site of food accumulation and digestion with both 
absorptive and protective functions, and additionally plays a role in regulating the 
endocrine system of the animal. The mammalian intestinal tract is formed by a flat layer 
of endodermal cells folding in on itself to form a tube (Grapin-Botton and Melton, 2000; 
Tam et al., 2003; Wells and Melton, 1999), with the central space being the intestinal 
lumen. This, however, is not the mechanism of intestinal morphogenesis used during the 
development of the zebrafish embryo.  
 As in mammalian development, the zebrafish digestive tract begins as a thin 
"ribbon" of endodermal cells (Figure 2, "26-30 hpf") (Field et al., 2003b; Wallace and 
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Pack, 2003). This ribbon is an epithelial lining out of which will spring many organs of 
the digestive system, including the intestine, liver, pancreas, gall bladder, and swim 
bladder (Ng et al., 2005). These endodermal cells have not yet been differentiated to 
exhibit the characteristics of their end-stage function (Horne-Badovinac et al., 2001; Ng 
et al., 2005; Wallace and Pack, 2003). During the first stage of zebrafish intestinal 
development, which occurs between 26 and 52 hours post fertilization (hpf), the 
endodermal ribbon is transformed into a tubular structure via the demarcation of the 
future site of the central lumen (Figure 2, "30-52 hpf") (Horne-Badovinac et al., 2001). 
Towards the anterior end of the zebrafish's intestinal tract, the beginning phases of lumen 
formation are initiated. Lumen formation then progresses towards the posterior end of the 
intestinal tract in a wave-like manner, ultimately ending at the point of the future anus 
(Horne-Badovinac et al., 2001; Ng et al., 2005; Wallace and Pack, 2003).  
 Diverging from what is seen in mammalian intestinal development, within the 
zebrafish intestine, the endodermal cells aligned at the midline of the zebrafish first begin 
to be organized into a bilayer-like arrangement (Ng et al., 2005; Wallace and Pack, 
2003), which then becomes a tubular structure comprised of cuboidal endodermal cells 
radially arranged around a central lumen. This stage of lumen formation is enacted in 
response to the initial stages of apicobasolateral polarization, as well as in response to the 
signals being given from the extracellular matrix (Horne-Badovinac et al., 2001; Wallace 
and Pack, 2003). Throughout the length of the alimentary canal, there are numerous areas 
of lumen development, and these areas become more numerous and grow in length, until 
the entire length of the canal has a single, continuous lumen (Figure 2, "52-76 hpf") (Ng 




Figure 3.2. Early zebrafish intestinal development. Left-side lateral view is shown 
from 26 through 126 hours post fertilization. Anterior is left, dorsal is facing upward. sb, 
swim bladder; L, liver; ib, intestinal bulb; a, anus. Arrows represent enteroendocrine 






as the intestinal tract, but remains separate until the third day post-fertilization, when the 
lumen of the intestinal tract and the pharyngesophageal regions link to form one 
uninterrupted lumen spanning from mouth to anus (Ng et al., 2005).  
 It is important to note that during intestinal development in the wild-type 
zebrafish, there is no evidence of apoptotic mechanisms being used as a means of lumen 
clearing (Ng et al., 2005), indicating that the zebrafish gut develops via hollowing, as 
opposed to the cavitation model of lumen formation, which is seen in some mammalian 
tissues (Abud et al., 2005). Moreover, further evidence supporting the hollowing model 
of lumen formation as the key player in the zebrafish intestine comes from the expression 
of cytokeratin concurrently with lumen formation. Strong cytokeratin enrichment is also 
observed at sites where the lumen has not yet expanded (Ng et al., 2005), implicating the 
use of apical surface biogenesis as a tool for hollowing (Lubarsky and Krasnow, 2003; 
Stainier et al., 1996).   
 After the intestinal tract has remodeled into an endodermal tube with a single, 
continuous lumen from the rostral-most end (the site of the mouth, which is now open) to 
the caudal-most area (the site of the anus), the endodermal cells become fully polarized. 
This stage of intestinal development is one of rapid cellular proliferation as the size of the 
intestinal tract increases. Tight junction marker, ZO-1, forms a continuous ring around 
the cells, thereby marking the separation between the apical domain of the cells, which 
faces the lumen, and the cells' basolateral surface. The cellular markers for 
apicobasolateral polarity are being expressed, and the intestine is set up to begin cell-type 
differentiation to distinguish the functional regions of the intestinal tract. By this stage, 
around 3 days post fertilization, the cells have shifted from a more cuboidal epithelium to 
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a columnar epithelium, and there now exists a layer of mesenchymal tissue encircling the 
intestinal tract (Ng et al., 2005).  
 The final stage of intestinal lumen morphogenesis encapsulates the 
compartmentalization of the alimentary canal into three regions distinct in function and 
discernible by their individual characteristics (Figure 2, "76-126 hpf"). These regions are 
the intestinal bulb, the mid-intestine, and the posterior intestine. By the end of the fourth 
day post fertilization, the lumenal width of the intestinal bulb has dramatically increased, 
and there are notable invaginations, or folds, that can be observed intermittently 
throughout the intestinal bulb (Ng et al., 2005). While the intestine is still growing, 
proliferation markers become localized to the cells at the base of these intestinal folds, or 
the intervillus region, analogous to mammalian crypts (Ober et al., 2003; Rombout et al., 
1984; Stroband and Debets, 1978). The intestinal bulb is characterized by its large 
lumenal diameter and the earliest presence of folds (Ng et al., 2005). Since cyprinids lack 
a stomach, and thereby the esophagus and intestine are directly linked, the intestinal bulb 
of the zebrafish acts as a food-storage site in addition to being the main locale of lipid 
and protein digestion, and thereby predominantly expressing enterocytes (Rombout et al., 
1985). The mid-intestine now has distinguishable goblet cells and enterocytes with large 
supranuclear vacuoles (Wallace et al., 2005). Meanwhile, the posterior intestine has a 
much more narrow width, and is the site of ion and water resorption, similar to the 
mammalian colon. This is a stage of remodeling and differentiation, and by the end of 
this stage, the intestine can be compartmentalized based on regional differences in cell 
types and morphology (Noaillac-Depeyre and Gas, 1974; Noaillac-Depeyre and Gas, 
1976; Stroband and Debets, 1978). 
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 By the time the embryo has reached 5 dpf, the digestive tract is largely 
differentiated, the intestine is functional, and there is now an anal opening. By two weeks 
post fertilization, the entire intestinal tract exhibits extensive folding and proliferation is 
restricted to the cells at the base of these folds. The alimentary canal is now functional, 
the zebrafish's yolk has been resorbed, and the zebrafish is capable of beginning 
autonomous feeding.  
Accessory Organs that Develop from the Intestinal Endodermal Primordium 
 In addition to the intestinal tract, several organs develop from the endodermal rod 
that is the primordial intestinal tract. These organs begin to develop during different 
stages of intestinal maturation, with the liver and swim bladder forming first, both first 
being visualized around 24 hpf, followed by pancreas organogenesis at 34 hpf. The first 
few days of embryogenesis are vital for the formation of these organs, with each of them 
having distinct functions and exhibiting unique characteristics by 5 dpf.   
 Liver 
 The liver is a vital organ that develops directly as an outgrowth from the 
endodermal primordium of the intestinal tract. It has a series of metabolic and  
detoxification functions, as well as endocrine and exocrine properties including the 
secretion of bile to aid in intestinal digestion (Lemaigre and Zaret, 2004; Si-Tayeb et al., 
2010; Zorn, 2008). Liver morphogenesis begins around 28 hours post fertilization as a 
bud-like outgrowth of the anterior intestinal primordium. Thereafter, around 34 hpf the 
liver bud expands, and there forms a distinct constriction in the cells connecting the liver 
and the developing intestinal bulb. By 50 hpf, this region of constriction between the 




Figure 3.3. The 52 hpf zebrafish digestive system. Schemtic representation of the 
zebrafish digestive system at 52 hpf. L, liver; hd, hepatic duct; pd, pancreatic duct; P, 
pancreas; ib, intestinal bulb; pi, posterior intestine; pp, posterior region of the pharynx; 












leaving the liver and intestine as two distinct organs capable of independently continuing 
their morphogenic processes. By 4 dpf, the liver has dramatically increased in size, and 
by 5 dpf, the liver is largely functional (Chu and Sadler, 2009; Field et al., 2003b). 
Around 3 dpf, the gallbladder has formed as a bud emerging from the anterior region of 
the hepatic duct. The gallbladder is also functional by 5 dpf (Matthews et al., 2004). 
 Swim Bladder 
 While not technically a piece of the intestinal tract, the swim bladder of the 
zebrafish arises from the same primordial intestinal rod as the entirety of the digestive 
system. Early in embryonic development, the swim bladder begins to form as an 
evagination from the anterior region of the intestinal tract, the oesophagus (Kimmel et al., 
1995). The swim bladder begins to emerge around 1 dpf as a fluid-filled sac surrounded 
by epithelial cells. It is transformed into a gas-inflated bladder in most zebrafish around 4 
dpf. The epithelial tissue of the  swim bladder is connected to the alimentary canal on the 
dorsal side of the oesophageal region via the pneumatic duct, which is just anterior to the 
pancreatic and hepatic ducts (Figure 3) (Field et al., 2003b; Finney et al., 2006). While 
the zebrafish swim bladder originates as a single-chambered organ, around 18 dpf, the 
juvenile zebrafish develops another chamber that buds from the anterior end of the swim 
bladder, and creates a double-chambered organ that remains connected to the intestine via 
the pneumatic duct (see Figure 4) (Finney et al., 2006; Robertson et al., 2007). The adult 
swim bladder has several functions, including regulating the buoyancy and water depth of 
the zebrafish (Denton, 1961) in addition to detecting vibrations via its function as an 





Figure 3.4. Swim bladder morphology during early zebrafish development. Left-side 
lateral view is shown, with anterior to the left, and dorsal facing upward. (A) 3 dpf wild-
type zebrafish with an early single-chamber swim bladder. SB, swim bladder. (B) Detail 
of A. (C) 24 dpf zebrafish showing an early double-chambered swim bladder. AC, 
anterior chamber; PC, posterior chamber. (D) The dissected adult swim bladder (3 
months post fertilization) is enlarged, but maintains the same morphology as the early 
double-chambered swim bladder. Scale bar represents 1 mm in A, C, and D, and 0.3 mm 














 Until recently, it was believed that the zebrafish pancreas arises from a single 
structure (Argenton et al., 1999; Biemar et al., 2001; Huang et al., 2001), as opposed to 
the 2 or 3 analgen which form the pancreatic primordium in all other studied vertebrates 
(Assouline et al., 2002; Edlund, 2002; Kelly and Melton, 2000; Kim et al., 1997; 
Lammert et al., 2001; Lammert et al., 2003; Slack, 1995). However, within the last 
decade, two separate endodermal analgen have been identified that fuse together to form 
the zebrafish pancreas (Field et al., 2003a). Around 34 hpf, the first anterior pancreatic 
bud appears as a ridge of cells accumulating on the ventral side of the intestinal bud. This 
anterior pancreatic bud grows in size, protruding further out from the intestinal 
primordium. By 44 hpf, the first anterior pancreatic bud is joined by a second pancreatic 
analgen, located dorsally to the first anterior bud, and these separate analgen come into 
contact with one another (Field et al., 2003a). Additionally by this point in development, 
the anterior pancreatic bud has connected to the intestinal bulb via the newly formed 
pancreatic duct. The fusion of the two pancreatic buds occurs around 52 hpf, at which 
point the posterior bud loses contact with the intestine (Figure 5). Endothelial cells are 
present in the pancreas at this point, and the pancreas continues to expand in size while 
growing in a caudal direction, thus forming the pancreatic tail by 76 hpf (Field et al., 




Figure 3.5. Pancreatic organogenesis in the zebrafish. Ventral view schematics of the 
endoderm are shown at different time points as labeled, with anterior to the top. The 
anterior and posterior pancreatic buds are marked by arrows, and arrowheads, 


















Materials and Methods 
Zebrafish Husbandry 
  The AB wild-type zebrafish strain was the sole strain used in all experiments. 
Pair-wise matings were conducted, and embryos were collected and raised in egg water at 
28.5°C. Embryos were staged based on hours post fertilization and morphological criteria 
defined by Kimmel et al. (Kimmel et al., 1995). Approval of the Institutional Animal 
Care and Use Committee (IACUC) of the University of Colorado Anschutz Medical 
Campus was obtained (Principal Investigator: Dr. Bruce Appel, Protocol Number: B-
85408(09)), and all experiments were conducted in accordance with IACUC guidelines. 
Immunohistochemistry 
 Embryos were fixed at 4°C overnight in 4% paraformaldehyde in PBS with 4% 
sucrose and 0.15 mM CaCl2, pH 7.3. Fish to be stained with the following antibodies 
were fixed in PFA: ZO-1, 4e8, pERM, SNX18, BrdU, and phalloidin. Alternatively, fish 
to be stained with the following antibodies were fixed in Dent's fixative (80% MeOH, 
20% DMSO): aPKC, FIP5, E-cadherin, and Par3. Larvae were incubated with 1 mL of 
Dent's fixative overnight, rotating at room temperature. Then, fish were rehydrated by 
incubation with 1 mL of 75% MeOH / 25% PBS for five mins, 50% MeOH / 50% PBS 
for five minutes, 25% MeOH / 75% PBS, and finally 100% PBS. No rotation was used in 
these 5 min incubations until the final incubation in 100% PBS. 
 The embryos were then embedded in a melted agarose solution (1.5% agarose, 
5% sucrose). The blocks were allowed to harden, were trimmed and immersed in 30% 
sucrose overnight at 4°C. Blocks were frozen over dry ice, and 20 µm sections were 
obtained using a Leica CM 1950 cryostat microtome.  
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 Sections were rehydrated in PBS for 30 mins, and blocked with 2 % BSA and 2 % 
goat serum in PBS for 1 hour. Primary antibody diluted in block was incubated for 1 hour 
and sections were washed continuously with PBS for 30 mins. Secondary antibody 
diluted in block was added and the sections were incubated for 30 mins. Following, the 
slides were washed continuously with PBS for 30 mins, vectashield was added, and slides 
were coverslipped for imaging.  
 Images were captured using a Zeiss AxioObserver Z1 inverted microscope (Carl 
Zeiss, Inc., Thornwood, NY) equipped with a PerkinElmer UltraVIEW VoX confocal 
system (PerkinElmer, Waltham, MA), and images were analyzed with Volocity 6.1 
software (PerkinElmer, Waltham, MA).  
RNA Probe Generation 
 For this manuscript, antisense RNA probes complementing the C-terminal region 
of zebrafish Rab11FIP5a, and the C-terminal region of SNX18b (in a region not 
conserved in SNX18a), were created. These probe regions were subcloned from 2 dpf 
wild-type cDNA into the pBluescript SK+ vector (Stratagene, Santa Clara, CA) and the 
vector was linearized. The RNA probes were labeled with a Digoxigenin Labeling Mix 
(RNA labeling with T7 and T3 RNA polymerases) (Roche Applied Science, Indianapolis, 
IN) to create sense (control) and antisense probes. The DNA template was digested with 
DNase, and the RNA probes were purified and resuspended in Diethyl pyrocarbonate- 
(DEPC)-H2O. An equal volume of formamide was added, and the probes were stored 





RNA In Situ Hybridization 
 RNA In situ hybridization assays were conducted based on a modified previously 
published protocol described by Hauptmann and Gerster (Hauptmann and Gerster, 2000). 
Dechorionated embryos were fixed in 4% paraformaldehyde (PFA) in Diethyl 
pyrocarbonate- (DEPC)-PBS overnight at 4°C. Embryos were stored in MeOH at -20°C 
until use, when they were washed twice for five mins in DEPC-PBSTw (1x PBS made 
with DEPC water and 0.5% Tween-20). Pigmentation was bleached in a hydrogen 
peroxide solution (3% H2O2, 0.5% KOH in DEPC-H2O) until the embryos' eyes turned 
brown (7-12 mins). Embryos were washed twice for 5 mins in DEPC-PBSTw, fixed for 
30 mins at room temperature in 4% PFA, and washed again twice for 5 mins in DEPC-
PBSTw. Digestion with 0.1 mg/mL Proteinase K (Ambion, Life Technologies, Grand 
Island, NY) was performed to permeabilize the embryos (the following Proteinase K 
incubation times were used based on the embryo's days post-fertilization: 2 dpf = 6 mins, 
3 dpf = 10 mins, 4 dpf = 15 mins), and they were washed twice for 5 mins each wash in 
DEPC-PBSTw, fixed for 30 mins in 4% PFA, and again washed twice for 5 mins in 
DEPC-PBSTw. Embryos were incubated in 500 µL Hybridization Media Block solution 
(50% formamide, 5x Saline-Sodium Citrate Buffer, 10 µL/mL tRNA, 50 mg/mL heparin, 
0.01M citric acid, and 0.5% Tween-20 in DEPC H2O) for 1 hour at 70°C. The block was 
replaced with Hybridization Media containing 200 ng of the appropriate RNA probe, and 
the embryos were incubated at 70°C overnight.  
 The following day, a series of progressive washes were performed for 10 mins 
each wash at 70°C: 200 µL 100% HM without probe, 300 µL 66% HM / 33% 2x Saline-
Sodium Citrate Buffer (SSC; Cellgro, Mediatech, Inc., Manassas, VA), 300 µL 33% HM 
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/ 66% 2x SSC, 1 mL 2x SSC, 1 mL 0.2x SSC, 1 mL 0.1 x SSC (this wash was performed 
twice), 1 mL DEPC-PBSTw. Another 10 min wash with DEPC-PBSTw was performed at 
room temperature, followed by an hour-long antibody block (2% sheep serum and 2 
mg/mL BSA in DEPC-PBSTw). Anti-Digoxigenin-AP Fab fragments (Roche Applied 
Science, Indianapolis, IN) was incubated in antibody block overnight at 4°C.  
 Finally, four 15 min washes were conducted at room temperature in DEPC-
PBSTw. Embryos were incubated in staining solution (0.1M Tris, pH 9.5, 0.25M MgCl2, 
0.1M NaCl, 0.5% Tween-20) for 15 minutes at room temperature. Thereafter, the 
embryos were moved to a staining dish, covered with 500 µL precipitating BM Purple 
AP Substrate (Roche Applied Science, Indianapolis, IN), and incubated at 37°C for 8 
hours until staining was visible. The embryos were then washed twice for 5 mins in PBS 
and imaged or processed for sectioning immediately.  
 For whole-mount imaging, fish were embedded in 4% methylcellulose, and 
images were captured using a Leica M165FC Stereo Microscope (Leica Microsystems, 
Buffalo Grove, IL) equipped with a QIClick-F-M-12 color camera (QImaging, Surrey, 
BC, Canada) and SPOT 4.6 software (Diagnostic Instruments, Inc., Sterling Heights, MI). 
Transverse sections were obtained using the same embedding and cryosectioning 
techniques described above, and sections were imaged using a Zeiss AxioObserver Z1 
inverted microscope (Carl Zeiss, Inc., Thornwood, NY ) with DIC optics and Volocity 
6.1 software (PerkinElmer, Waltham, MA).  
Morpholino Design 
 A translation-blocking morpholino oligonucleotide (MO), FIP5ATG, was 
designed (Gene Tools, LLC; Philomath, OR) to have a complementary sequence to the 
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initial coding region (the first 25 amino acids, beginning with the start site) of 
Rab11FIP5a (5'-CCTCGTCGCTCTTCGCCAAGGACAT-3'). FIP5ATG was always 
coinjected with an equal amount of zebrafish p53 MO (5'-
GCGCCATTGCTTTGCAAGAATTG-3') (Gene Tools, LLC; Philomath, OR) to control 
off-target effects (Langheinrich et al., 2002; Robu et al., 2007).  
Morpholino Injections 
 The MO was resuspended in DNase and RNase-free water to a concentration of 1 
mM and stored at 4°C. The MO was diluted with 2X injection buffer (240 mM KCl, 40 
mM HEPES, 0.5% Phenol red) and sterile water to varying dilutions to determine the 
appropriate amount of morpholino. An injection of 6 ng FIP5ATG proved lethal. A 4.5 
ng FIP5ATG injection amount led to pulmonary edema and death by 4 dpf. 3 ng of 
FIP5ATG (in a 3 nL injection volume) was determined to be the appropriate amount as 
the zebrafish exhibited gut-specific phenotypes with no notable edema or gross 
morphological phenotypes. Upon injection of 2 or fewer ng, no consistent, significant 
phenotype was observed.  
5-Bromo-2'Deoxyuadine Labeling 
 4 dpf embryos were transferred into a glass plate, and labeled with 20 mM 5-
bromo-2'deoxyuadine (BrdU) (Roche Applied Science, Indianapolis, IN) in egg water 
with 10% DMSO for 30 mins at 28.5°C. Embryos were washed twice for 5 mins in egg 
water with 1% DMSO, and fixed in 4% paraformaldehyde overnight at 4°C. Embedding 
and sectioning were performed as described above. Sections were then hydrated for 30 
mins in PBS, washed continuously with sterile H2O for 30 mins, permeabilized with two 
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15 minute applications of 2 N HCl, and washed for 10 mins with PBS. Sections were then 
processed for anti-BrdU immunohistochemistry.  
Antibodies 
 Mouse anti-BrdU (used at 1:100) and mouse anti-Na+/K+ ATPase alpha-1 
subunit (1:50) were obtained from the Developmental Studies Hybridoma Bank (Iowa 
City, IA). Mouse anti-zebrafish gut absorptive cell epitopes antibody (ab73643) was 
obtained from Abcam (Cambridge, MA). Mouse anti-ZO-1 antibody was obtained from 
Invitrogen (Carlsbad, CA). Rabbit anti-pan-cadherin antibody was obtained from Sigma-
Aldrich (St. Louis, MO). Rabbit phospho-Ezrin (Thr567) / Radixin (Thr564) / Moesin 
(Thr558) antibody (pERM) was obtained from Cell Signaling Technology (Beverly, 
MA). Anti-Digoxigenin-AP antibody was obtained from Roche Applied Science 
(Indianapolis, IN). 
 For fluorescent detection of antibody labeling, Alexa Fluor 488 goat anti-mouse 
or goat anti-rabbit conjugates, and rhodamine-phalloidin were used at a 1:100 dilution 
(Jackson ImmunoResearch Laboratories, West Grove, PA). 
Data Quantification and Statistical Analysis 
 For FIP5 MO phenotype quantification, 100 fish were analyzed for each 
condition, and at least 2 sequential sections with a consistent phenotype were needed to 
mark a fish as positive for a phenotype. Results are displayed as percentage of fish with 
the given phenotype.  
 To measure the number of nuclei in the intestinal bulb, 4 sections per embryo 
were counted to produce the average number of nuclei per fish. A total of 15 fish were 
analyzed for each condition and time point. Results are displayed in mean ± SEM format.  
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 For BrdU quantification, the number of total nuclei, as well as the number of 
BrdU-positive nuclei were counted. The results were expressed as percentage of BrdU-
positive cells per section. 4 sections per embryo were counted, and the percentages were 
obtained and averaged to give an overall average percentage of BrdU-positive nuclei in 
the intestinal bulb for each individual fish. A total of 15 fish were assessed for each 
condition. Results are displayed as the mean ± SEM format of the overall average 
percentage of BrdU-positive nuclei for each condition.  
 To measure the width of the intestinal bulb at its widest point, 4 images were 
taken through the intestinal bulb of each fish. Volocity 6.1 software was used to measure 
the width of the intestinal bulb (in µm), and the four widths were averaged to give an 
overall average width for each fish. 15 fish were analyzed for each condition and time 
point. Results are displayed in mean ± SEM format of the overall average widths for each 
fish in the condition. The measurement of the lumenal opening of the intestinal bulb at its 
widest point was conducted in the same manner.  
 For the quantification of zebrafish with a swim bladder that is externally visible, 
live fish were anaesthetized and analyzed by eye under 2x magnification. The total 
number of fish was noted, and the fish with a visible swim bladder were counted. Results 
were expressed as percentage of fish with a visible swim bladder. For p53 morphants, n = 
212. For FIP5a morphants, n = 179. To measure the width of the intestinal bulb, 4 images 
were taken through the center of the swim bladder of each fish. Volocity 6.1 software 
was used to measure the width of the swim bladder at its widest point (in µm). The four 
widths were averaged to give an overall average width for each fish. 15 fish were 
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analyzed for each condition and time point. Results are displayed in mean ± SEM format 
of the overall average widths for each fish in the condition.  
 GraphPad Prism version 5.0d software (GraphPad Software, Inc., La Jolla, CA) 
was used to perform two-tailed unpaired t-tests for statistical analysis on the data.  
 
Results  
FIP5a is Expressed in the Intestinal Bulb of the Developing Zebrafish by 4 dpf  
 Apical lumen morphogenesis is a fundamental step towards the proper 
development of an organ, yet little is understood about the mechanisms of lumen 
initiation, formation or expansion. Recently, our lab has shown that FIP5 function is 
important for the generation of a single lumen in Madin-Darby Canine Kidney (MDCK) 
cysts via the hollowing model of lumen formation (Willenborg et al., 2011). To further 
understand the role of FIP5 in the context of in vivo lumen morphogenesis, and 
consequently organogenesis, we utilize the AB/IN wild-type Danio rerio strain, whose 
alimentary canal is thought to also undergo lumen formation in the absence of 
programmed cell death. To examine the function of FIP5, we first isolated a truncated 
portion of the C-terminal end of FIP5a, the zebrafish homolog of human FIP5, by 
reverse transcriptase PCR from the cDNA of 3 dpf embryos. (FIP5a is the only currently 
identified FIP5 isoform in zebrafish.) Sense and antisense RNA probes targeted against 
400 amino acids within the C-terminal region of FIP5a were generated to determine the 




 RNA in situ hybridization assays were conducted, and the embryos were analyzed 
by whole mount imaging as well as tissue section analysis (Figure 6). These data show 
that areas of FIP5a enrichment within the embryo are dynamic over the course of 
embryonic development (Figure 6A-C). At 2 dpf, FIP5a appears to be ubiquitously 
expressed throughout the embryo, with areas of enrichment at the site of the 
pharyngoesophageal primordium and within the optic primordium (Figure 6A and data 
not shown). While whole mount analysis of FIP5a expression shows possible enrichment 
in neural tissues, analysis of tissue sections revealed that the pattern of expression was 
comparable to that of the RNA sense control probe (data not shown).  
 By 3 dpf, FIP5a expression has become more evident in the region of the 
developing intestinal bulb, and has become further enriched in the retina (Figure 6B and 
data not shown). It is notable that Rab11-FIP5a is specifically expressed at 3 dpf in the 
ciliary marginal zone (the outer periphery) of the zebrafish retina (data not shown), where 
FIP4a has recently been shown to be expressed and thereby regulate retinal development 
(Muto et al., 2006). At 4 dpf, FIP5a is enriched within the pharynx and the intestinal bulb 
(Figure 6C-E), with only background staining observed in the FIP5a sense control 
embryos (Figure 6F). Interestingly, FIP5a staining is enriched in the rostral  region of the 
intestinal tract, called the intestinal bulb, while the mid-intestine or posterior intestine 
show only low levels of expression at 4 dpf as compared to the FIP5a RNA sense control 
probe (Figure 6G-H). These data imply a potential role for FIP5 during the development 
of epithelial tissues during zebrafish embryogenesis.  
 Additionally, a previously described antibody generated against human FIP5 




Figure 3.6. FIP5 is highly expressed in the intestinal bulb during intestinal 
morphogenesis.  Lateral whole mount images of 2 dpf (A), 3 dpf (B), 4 dpf (C and F) 
wild-type zebrafish processed for RNA in situ hybridization to detect FIP5a expression 
using a DIG-labeled antisense FIP5a RNA probe (A-E) or sense FIP5a negative control 
RNA probe (F). (D) and (E) are higher magnification images of intestinal bulb (arrow, D) 
and pharyngeal (arrow, E) FIP5a expression observed in 4 dpf wild-type embryos. 
Transverse sections of 4 dpf zebrafish at the level of the intestinal bulb, mid-intestine, 
and posterior intestine. Embryos were processed for in situ hybridization to detect FIP5a 
expression (G), or FIP5a sense control (H).  
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immunohistochemistry imaging techniques. Consistent with our RNA in situ 
hybridization data, FIP5a is shown to be localized in the intestinal bulb of the 4 dpf 
larvae, with apparent apical enrichment (Figure 7A-B). Moreover, there is apical FIP5a 
localization in the mid-intestine (Figure 7C) and the pharyngoesophageal region (Figure 
7D), as previously observed by FIP5a RNA expression analysis (Figure 6C and E). 
Furthermore, FIP5a appears to be localized to the tight junctions of a number organs, 
including the swim bladder (Figure 7E), the neural tube (Figure 7F and data not shown), 
and the notochord (Figure 7G).  
Knockdown of FIP5a Disrupts Intestinal Bulb Development During Embryogenesis 
 To further elucidate the role of FIP5 during zebrafish development, a translation-
blocking RNA morpholino oligonucleotide (MO) complementary to the first 25 bases of 
the coding sequence of FIP5a was generated and termed FIP5 MO. Upon co-injection of 
3 ng of FIP5 MO with 3 ng of the well-established p53 MO (used to diminish off-target 
effects of morpholinos) (Robu et al., 2007), there were minimal indicators of nonspecific 
effects. The FIP5 MO and p53 MO coinjected zebrafish maintained normal external 
morphology and did not exhibit signs of gross pulmonary or neural edema (Figure 8A-B), 
nor was the length of the zebrafish significantly altered upon FIP5 MO + p53 MO-
injection (Figure 8C) as compared to our control p53 MO-only injected zebrafish. All 
FIP5 MO-injected zebrafish have been coinjected with p53 MO, and will henceforth be 
labeled as "FIP5 MO" for the sake of brevity.   
 Next, the biological effects of FIP5a knockdown were examined by tissue 
sectioning and immunohistochemistry followed by confocal microscopy. As shown in 




Figure 3.7. FIP5a is apically localized in the polarized epithelia of the 4 dpf 
zebrafish. Transverse sections of 4 dpf zebrafish larvae stained with anti-human FIP5 
antibody and Hoechst nuclear stain are shown at the level of the intestinal bulb (A-B), 
mid-intestine (C), pharyngoesophageal region (D), anterior swim bladder (E), hindbrain 










Figure 3.8. Injection of FIP5 MO does not affect zebrafish length. Lateral whole 
mount images of 2 dpf (A) and 4 dpf (B) p53 MO- and FIP5 MO-injected zebrafish. (C) 
Zebrafish body length quantification of morphants from 2-4 dpf. n = 10 larvae for each 





the zebrafish by 4 dpf. At this stage of intestinal morphogenesis, the wild-type zebrafish 
will have a continuous lumen established throughout the entirety of the intestinal tract. 
Moreover, the lumenal space has notably expanded throughout the intestinal bulb, 
leaving a single hollow lumenal space, as visualized using rhodamine-phalloidin to label 
actin (Figure 9 left panel of A, and B).  
 Transverse cross-sections through the intestinal bulb of the zebrafish reveal that 
despite a lack of gross morphological changes visible by imaging whole mount zebrafish 
(Figure 8), the intestinal bulb of the zebrafish is in areas disorganized (Figure 9C-E). The 
intestinal bulb epithelium of the FIP5a morphants exhibits areas of disorganization 
(Figure 10A), with regions of stratified cells stacked upon one another (asterisks, Figure 
9C-D), as compared to the monolayer of columnar epithelial cells seen in the p53 MO-
injected controls (Figure 9B). As shown in Figure 10A, 73% of FIP5a morphants showed 
this disorganized, stacked morphology in at least one area of the intestinal bulb (across at 
least two continuous sections, n = 100), as compared to only 2% of p53 control 
morphants (n = 100). Moreover, 8% of FIP5a MO-injected embryos exhibited at least one 
area of what appear to be multiple lumens within the intestinal bulb (arrows, Figure 9D-
E, Figure 10A). Not a single p53 MO-injected control morphant with multiple lumens in 
the intestinal bulb was found upon thorough examination of 100 fish. 98% of our control 
p53 MO-injected zebrafish had a single, organized lumen and surrounding epithelium 
throughout the entire intestinal bulb, as compared to 19% of the FIP5 morphants (Figure 
10A). Consistent with our data showing the increased level of FIP5a expression in the 
intestinal bulb from 3-4 dpf, this is the only region of the intestine that showed an
113 
 
aberrant morphology upon FIP5a knockdown. There were no observed areas of 
disorganization, cell stacking, or multiple lumens within the mid-intestine or posterior 
intestine of FIP5a MO- or p53 MO-injected larvae (data not shown). 
 Furthermore, analysis of transverse sections of the intestinal bulb revealed that 
there is a significant decrease between the width of the control and FIP5a morphants' 
intestinal bulbs (Figure 10B). The control p53 MO-injected larvae had an average 
intestinal bulb width (at its widest point) of 153.7 µm ± 8.2 µm (n = 15). In contrast, the 
average of the FIP5 morphants' intestinal bulbs at their widest points was 102.5 µm ± 4.0 
µm (n = 15, Figure 10B), a decrease in width of over 33% (p < 0.0001). Additionally, the 
width of the open lumenal space at its widest point decreases over 50% upon FIP5a 
knockdown, from 108.3 µm ± 7.3 µm in the p53 control morphants to 50.6 µm ± 4 µm in 
FIP5a morphants (p < 0.0001, Figure 10C).  
Depletion of FIP5a Hinders the Establishment of Apicobasolateral Polarity within the 
Intestinal Bulb of the Zebrafish 
 Although our data demonstrate that FIP5a is involved in intestinal morphogenesis, 
the mechanism of its involvement remains unclear. Evidence has appeared that suggests 
early lumenal cell hyperproliferation results in a disorganized, stacked epithelium with 
multiple lumens (Whyte et al., 2010). Thus, due to the disorganized nature of the 
epithelium upon FIP5a knockdown, along with the overall decrease in intestinal bulb 
width, we performed nuclear counts to determine the number of cells present in the 
intestinal bulb. These data revealed that the number of nuclei within the intestinal bulb 




Figure 3.9. FIP5 is 
required for intestinal 
bulb morphogenesis. 
Transverse sections of 4 
dpf zebrafish at the level 
of the intestinal bulb 
processed for 
immunohistochemistry 
and stained with 
rhodamine-phalloidin 
(actin, red) and Hoechst  
(nuclear stain, blue) to 
visualize intestinal bulb 
morphology. 5x 
fluorescent microscopic 
imaging of p53 control 
morphant (A, left panel) 
or FIP5 morphant (A, 
right panel). 40x 
confocal microscopic 
imaging of transverse 
sections of the intestinal 
bulb in p53 MO-injected 
(B) and FIP5 MO-
injected (C-E) zebrafish. 
Asterisks (C-D) indicate 
areas of intestinal 
disorganization and cell 
stacking. Arrows (D-E) 




Figure 3.10. FIP5 regulates the organization and size of the intestinal bulb. (A) 
Quantification of intestinal bulb phenotype at 4 dpf of p53 MO control (n = 100) and 
FIP5 MO-injected (n = 100) zebrafish. (B) Quantification of the width (in µm) of the 
intestinal bulb at its widest point in p53 MO control and FIP5 MO-injected embryos at 4 
dpf. Each data point represents the mean width of 4 measurements taken within the 
intestinal bulb of the same zebrafish. Data is presented as mean ± SEM (error bars). (n = 
15 larvae per condition; p < 0.0001). (C) Quantification of the width of the intestinal 
bulb's apical lumen at its widest point in p53 MO control and FIP5 MO-injected embryos 
at 4 dpf. Data was obtained and is presented in the same manner as in (B). (n = 15 larvae 
per condition; p < 0.0001).  
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that the disorganization and stacking within the epithelium is not likely the result of 
induced hyperproliferation. To confirm this theory, we performed 5-Bromo-
2'Deoxyuadine (BrdU) incorporation assays to label cells in S-phase as an indicator of 
proliferation. Our results indicated close to a 50% decrease in the percentage of BrdU-
positive cells within the intestinal bulb of the p53 (n = 15) versus the FIP5a (n = 15) 
morphants (p = 0.0002, Figure 11C-E). To determine whether this was an overall 
decrease in proliferation in the morphants or a tissue-specific decrease, the fin buds of 
each fish used for quantitation were analyzed for BrdU incorporation. There was no 
difference in the percentage of BrdU-positive cells in the chosen control area, the fin 
buds, upon FIP5a knock-down (Figure 11B and E). Thereby, our data show that cell 
stacking and tissue disorganization within the intestinal bulb is not a result of hyper-
proliferation, and that there might even exist a decrease in proliferation upon FIP5a 
knockdown.  
 Oriented cell division has been shown to be a critical factor in tissue shaping and 
organization (Ahringer, 2003; Sausedo et al., 1997). Recently, several labs have provided 
evidence of a role for small GTPase Cdc42 in mitotic spindle orientation both in vitro and 
in vivo (Kieserman and Wallingford, 2009; Qin et al., 2010; Rodriguez-Fraticelli et al., 
2010). Interestingly, Rab11 has been implicated in the regulation of Cdc42 (Bryant et al., 
2010). Moreover, spindle orientation is a key determinant of tissue organization and 
defects in spindle orientation are known to cause a multiple lumen phenotype as well as 
epithelial disorganization (Jaffe et al., 2008; Kieserman and Wallingford, 2009; Qin et 
al., 2010). Thus, another possible explanation for our resultant disorganized epithelium is 
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that FIP5a knockdown alters the spindle orientation of dividing cells within the intestinal 
bulb.  
 To determine the viability of this explanation, sections of the primordial intestinal 
bulb were analyzed at 2 dpf, and the angle of division of the dividing cell in relation to 
the established lumen were determined. Images were taken of dividing cells, and a line 
was drawn parallel to the separating chromatids (white line, Figure 12A-B). With the 
lumenal (actin) staining as a reference, we measured the angle (represented by a green 
semicircle) between the drawn line representing the plane of division and the line 
representing the plane of the intersecting lumen (yellow line, Figure 12A-B) using Adobe 
Photoshop CS5 (Adobe Systems Inc., San Jose, CA). The resulting figure plots the 
measurements of the generated angles for p53 MO- and FIP5a MO-injected embryos (n = 
15, Figure 12C). In wild-type embryos, the plane of division is expected to be close to 
90°, which was observed (Figure 12A-B). However, the morphants' angles of division 
were not significantly different, also nearing 90° (Figure 12B-C). Therefore, at this point, 
we have no evidence to support the theory that FIP5a knockdown alters mitotic spindle 
orientation. However, further studies would need to be conducted using live imaging to 
confirm these data, as the orientation of the mitotic spindle is known to be dynamic 
during cell division, and due to the high levels of variability generated by the chosen 
method of division angle quantification.  
 An alternative explanation for our intestinal bulb phenotypes is that FIP5a 
depletion during early intestinal organogenesis could delay the establishment of polarity 
in the intestinal bulb, thereby prolonging the proliferative phase of the intestinal 
epithelium. Along those lines, it is possible that zebrafish FIP5a acts as a regulator of  
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Figure 3.11. FIP5 
depletion results in 
fewer cells in S-phase 
in the intestinal bulb. 
(A) The number of 
nuclei (as visualized by 
Hoechst nuclear stain) in 
the intestinal bulb of 4 
dpf p53 MO control and 
FIP5 MO-injected 
zebrafish. Each data 
point represents the 
mean number of nuclei 
of counted over 4 
separate transverse 
sections within the 
intestinal bulb of the 
same zebrafish. Data is 
presented as mean ± 
SEM (error bars). (n = 
15 larvae per condition). 
(B) 4 dpf p53 MO- and 
FIP5 MO-injected larvae 
were labeled with 5-
bromo-2'deoxyuadine 
(BrdU) in egg water 
with 10% DMSO for 30 
mins at 28.5°C. 
Following, the embryos 
were processed for anti-
BrdU 
immunohistochemistry. 
Transverse sections of 
fin buds of p53 MO- and 
FIP5 MO-injected larvae 
were stained and imaged 
with anti-BrdU antibody 
(marker of cells in S-
phase, green) and Hoechst (nuclear stain, blue). The intestinal bulb of 4 dpf (C) p53 MO-
injected and (D) FIP5 MO-injected fish were BrdU labeled, processed, and imaged as 
described above. (E) Quantification of the percentage of cells in the intestinal bulb that 
were positive for BrdU labeling. p53 MO control and FIP5 MO-injected embryos at 4 dpf 
were assessed at the fin buds (n = 15 larvae per condition) and intestinal bulb (n = 15 
larvae per condition; p = 0.0002). Each data point represents the mean percentage of cells 





Figure 3.12. No change in mitotic spindle orientation is observed upon FIP5 
depletion at 2 dpf. Transverse sections through the primordial intestinal bulb of 48 hpf 
p53 (A) and FIP5 (B) morphants were processed for immunohistochemistry and stained 
with rhodamine-phalloidin (red) to visualize actin and Hoechst nuclear stain. The white 
line represents the plane of mitotic division; yellow line represents the plane of the 
forming lumen, as visualized by actin staining; the green semicircle represents the angle 
of cell division in relation to the lumen. (C) ) Quantification of the angle of cell division 
in relation to the lumen in p53 and FIP5 morphants. (n = 15 dividing cells per condition). 




apical protein transport to the apical plasma membrane during cell polarization, as has 
been observed in cell culture (Schonteich et al., 2008; Willenborg et al., 2011). 
Following, it is logical that the depletion of FIP5a would delay or prevent the initiation 
and establishment of apical-basolateral polarity in tissues where FIP5a is normally 
localized. To gain insight into the role of FIP5a on the establishment of polarity in the 
intestinal bulb, early lumen formation was followed in p53 MO-only control and FIP5a 
MO-injected embryos. In p53 morphants, trafficking of tight junction protein ZO-1 to the 
center of the endodermal rod occurs between 42 and 48 hpf (Figure 13A and C). The 
establishment of fully-formed tight junctions, marked by Occludin and ZO-1 staining, is a 
known step in polarization. At this point, the polarization process of the tissue has 
progressed from the stage of apicobasolateral polarity initiation (when the AMIS has 
formed) to the early stages of apical-basolateral polarization (called the preapical patch) 
(Bryant et al., 2010). In control fish (p53 MO-only) the clustering of punctate areas of 
ZO-1 accumulation towards the center of the endodermal rod is visible at 42 hpf (arrows, 
Figure 13A), and by 48 hpf, these spots of ZO-1 localization have reached the central 
meeting point of the radially-organized cells and have merged to form a single lumen 
(arrows, Figure 13C). A clear network of ZO-1 is visible at 48 hpf, with formed tight 
junctions marking the meeting points of neighboring cells, and a loss of the more diffuse 
localization of ZO-1 observed 6 hours earlier (arrows, Figure 13A and C).  
 Lumen formation in the FIP5a morphants, however, does not mirror the 
establishment of polarity observed in wild-type zebrafish. At 42 hpf in the FIP5a 
morphant's intestinal bulb, ZO-1 appears aggregated in a number of locations diffusely 




Figure 3.13. FIP5 is required for the establishment of the apical lumen in the 
intestinal bulb. Transverse sections through the primordial intestinal bulb of 42 hpf (A) 
and 48 hpf (C) p53 morphants, and 42 hpf (B) and 48 hpf (D) FIP5 morphants were 
processed for immunohistochemistry and stained with anti-ZO-1 antibody (green) to label 
tight junctions and rhodamine-phalloidin (red) to visualize actin. Arrows in (A, B, and D) 
point to punctate spots of ZO-1 accumulation near the center of the endodermal rod. The 






Figure 13B). By this time point, there exist several large puncta of ZO-1 accumulation 
located towards the center of the endodermal rod, as was observed in the p53 embryos 
(Figure 13C). However, unlike the network of joined tight junctions visible in the p53 
injected embryos by 48 hpf (Figure 13C), the FIP5a morphants do not exhibit a distinct 
lumen initiation site at this time (arrows, Figure 13D). Small areas of ZO-1 accumulation 
still exist dispersed throughout the developing epithelium at 48 hpf (Figure 13D), a 
potential indicator of cargo accumulation in recycling endosomes. The lack of distinct 
tight junctions at 48 hpf suggests that the depletion of FIP5a has prevented the intestinal  
primordium from fully establishing apicobasolateral polarity. Consistent with this 
hypothesis, ZO-1 staining does not fully recover by 4 dpf (Figure 14B-D).  
 During normal development, apical-basolateral polarity is fully established within 
the intestine by 3 dpf. By 4 dpf, the intestinal bulb has an open lumen that will continue 
to expand (Figure 14A and  Figure 15A). At this stage in normal intestinal development, 
the intestinal epithelium appears columnar-like in phenotypic organization (Figure 14A), 
and there begin to emerge small folds in areas within the intestinal bulb that will expand 
to increase the surface area of the epithelium (Figure 14A and Figure 15A). The intestine 
now consists of a polarized monolayer of cells with tight junctions demarking the 
separation of the apical and basolateral membranes (Figure 14A and E) and the cells of 
the intestinal bulb now express brush border markers, as demarked by anti-4e8 antibody 
staining that targets gut absorptive cell epitopes (Figure 15A-B) (Crosnier et al., 2005). 
To confirm the specificity of the 4e8 antibody for absorptive cells, high magnification 
imaging of the p53 MO-only control sections was performed. As expected, 4e8 staining 




Figure 3.14. FIP5 is required for proper organization in the intestinal bulb. 
Transverse sections through the intestinal bulb of 4 dpf p53 (A and E) or FIP5 morphants 
(B-D) were processed for immunohistochemistry and stained with anti-ZO-1 antibody 




Figure 3.15. Apical marker, 4e8, is specific to gut absorptive cells. Transverse 
sections of the intestinal bulb of 4 dpf p53-only morphants were processed for 
immunohistochemistry and stained with anti-4e8 antibody that targets the apical ends of 
microvilli on enterocytes (left panels, green in merge) and rhodamine-phalloidin (center 
panels, red in merge). (B) is a higher magnification image of a p53 control morphant. 














Figure 3.16. FIP5 is required for the delivery of apical brush border proteins to the 
apical plasma membrane. Transverse sections of the intestinal bulb of 4 dpf FIP5 
morphants were processed for immunohistochemistry and stained with anti-4e8 antibody 
that targets the apical ends of microvilli on enterocytes (left panels, green in merge) and 
rhodamine-phalloidin (center panels, red in merge). (C) Higher magnification imaging of 
FIP5 ATG morphant 4e8 staining. (C) Exposure of 4e8 staining to confocal excitation for 
117 msec (matching the exposure time visualized in control 4e8 staining in Figure 15A). 
Relative overexposure of 4e8 staining to confocal excitation for (D) 550 msec or (E) 700 
msec reveals areas of ectopic 4e8 expression (marked by arrows). Arrows in A-D mark 
sites of ectopic apical marker localization. Arrow in (E) points to the site of a 4e8-
enriched second lumen. 
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above the actin-enriched area of the brush border (Figure15B). Furthermore, as visible by 
the lack of staining on the apical membrane of goblet cells, which appear as gaps in 4e8 
staining, is observed, confirming the specificity of the antibody (asterisks, Figure 15B). 
Additionally, activated phospho-Ezrin (Thr567)/Radixin (Thr564)/Moesin (Thr558)  
 (pERM) proteins, known to be apically enriched, now line the apical domain of the 
epithelium (Figure 17A).  
 The intestinal bulbs of FIP5a morphants display an open central lumen (Figure 
14B-C, Figure 16A-B, Figure 17B), however the cells bordering this lumen have not all 
established tight junctions with their neighboring cells (Figure 14B-D). In areas, the 
lumen-bordering cells have visible tight junctions marked by ZO-1 staining ( Figure 14B-
C), but other regions show no trace of a tight junction, with ZO-1 dispersed throughout 
the cell (asterisks, Figure 14B-D). In contrast to the wild-type intestinal bulb, which 
consists of a single polarized monolayer of cells organized around a central lumen, upon 
FIP5a knockdown, the intestinal bulb shows a central lumen surrounded in some areas by 
a multiple layers of cells that do not appear to be polarized (Figure 14B-C, Figure 16 A-
B). To determine whether these cells have established polarity, apical marker pERM was 
used. pERM fluorescence on the apical membrane was markedly decreased in the FIP5 
morphants, with the appearance of areas containing large accumulations of pERM 
(Figure 17B).  
 Moreover, the fluorescence of apical brush border marker 4e8 was notably 
diminished in FIP5a morphants, with almost five times the wild-type exposure time being 
needed to visualize 4e8 (Figure 16). Overexposure of the intestine reveals that 4e8 is 




Figure 3.17. FIP5 is required for apical localization of pERM in the intestinal bulb. 
Transverse sections of the intestinal bulb of 4 dpf p53 (A) or FIP5 (B) morphants were 
processed for immunohistochemistry and stained with anti-phospho-ERM antibody (left 




apical membrane (arrows, Figure 16). Visualization of 4e8 staining in FIP5a morphants 
reveals the presence of what appear to be large organelle-like compartments enriched in 
apical proteins (16C). These areas of ectopic apical protein concentration are also 
observed via pERM staining of FIP5a morphants (Figure 17B). As 4e8 staining is 
observed specifically in enterocytes above the actin-rich area of the brush border, it is 
likely that the 4e8 antibody associates with the glycocalyx expressed on the apical ends 
of the enterocytes' microvilli (Crosnier et al., 2005). It is possible that the depletion of 
FIP5a in the intestinal bulb results in the formation of enlarged apical endosomes within 
enterocytes. Interestingly, recent evidence has come to light indicating that patient tissue 
samples of human microvillus inclusion disease, characterized by the presence of large 
ectopic apical compartments in the enterocytes of the small intestine, have a notable 
depletion of the Rab11 and FIP5 staining that is normally observed in these enterocytes 
(Szperl et al., 2011).  
 Visualization of 4e8 staining in FIP5a morphants exhibiting a multiple lumen 
phenotype in the intestinal bulb reveals that this apical marker is localized within both 
lumens, though at lower levels than observed in the lumen of p53 control morphants 
(arrows, Figure 16E). These data collectively imply a role for FIP5a in the establishment 
of apicobasolateral polarity, potentially via the trafficking of apically-directed proteins to 
the apical lumen.  
Partial Rescue of FIP5 Knockdown-Induced Phenotypes is Observed by 5 dpf  
 One of the caveats of morpholino use for knock-down is that the effect is 
transient. Most morpholinos are rendered ineffective by 3-5 dpf. Thus, while our data 
indicate that FIP5 is required for the proper formation of the intestinal bulb by 4 dpf, it 
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remains unclear whether these phenotypes are capable of being reversed within the FIP5a 
morphants after depletion of the FIP5a MO. Moreover, phenotypes of disrupted apical 
lumen formation and cyst morphogenesis in cell culture are known to be rescued by the 
activation of alternative pathways. To test whether one of these scenarios is possible, 
wild-type and FIP5a MO-injected larvae were analyzed for phenotype at 5 dpf. By this 
time point, there was a partial rescue of the intestinal bulb phenotypes observed in the 
FIP5a morphants. No multiple lumen phenotypes were observed in 5 dpf FIP5a 
morphants, and there were fewer fish with areas of disorganized, non-polarized cells. The 
width of the FIP5a morphant's intestinal bulb at 5 dpf, however, did not show signs of 
rescue. p53 morphants averaged a width at its widest point of 191.0 µm ± 5.5 µm, as 
compared to the FIP5a morphant's average width of 144.1 µm ± 7.4 µm (p < 0.0001, 
Figure 18A). The width of the intestinal bulb's lumen at its widest point, on the other 
hand, closed the gap between the p53 and FIP5a morphants by the FIP5a intestinal bulb 
widths increasing from 47% of the width of the control lumen, to 72% of the width of the 
p53 morphant lumens. The average width was 138.9 µm ± 6.3 µm for the p53 control 
zebrafish, as compared to 100.7 µm ± 4.3 µm in the FIP5a morphants, a difference of 
38.2 µm (p < 0.0001, Figure 18B). While this difference in lumenal width remains 
significant at 5 dpf, it does show signs of recovery.  
FIP5 is Required for the Air Inflation of the Swim Bladder by 4 dpf  
 The swim bladder is a vital organ necessary for the buoyancy and locomotion of 
the developing zebrafish (Kimmel et al., 1995). Normal swim bladder organogenesis 
begins just after 1 dpf, with the budding of the nascent organ from the anterior portion of 




Figure 3.18. Partial rescue of FIP5-induced phenotypes is observed upon 
morpholino depletion by 5 dpf. (A) Quantitation of the width of the intestinal bulb at its 
widest point in 4 or 5 dpf p53 or FIP5 morphants. Each data point represents the mean 
width of 4 measurements taken within the intestinal bulb of the same zebrafish. Data is 
presented as mean ± SEM (error bars). (n = 15 larvae per condition; 4 dpf p < 0.0001; 5 
dpf p < 0.0001). (B) Quantitation of the width of the intestinal bulb's lumen at its widest 
point in 4 or 5 dpf p53 or FIP5 morphants. Data was obtained and is presented described 




intestinal bulb phenotypes, we analyzed the swim bladder for phenotypes, as it arises 
from the anterior portion of the intestinal primordium like the intestinal bulb. During 
normal morphology, the swim bladder epithelium has elongated by 3 dpf, at this point 
appearing "sac-like" in morphology. By around 4 dpf, the single-chambered swim 
bladder of most zebrafish has air-inflated (Winata et al., 2009), allowing for external 
visualization of the swim bladder in live zebrafish (arrow, Figure 19A). Using 2x 
magnification of anesthetized live zebrafish, 67% of p53 MO-injected control fish have 
an externally visible swim bladder (n = 212, Figure 19A and C) as compared to 21% of 
FIP5a-depleted embryos (n = 179, Figure 19B-C).  
 To determine whether the FIP5a morphants entirely lacked a swim bladder, or if 
was simply not visible via whole mount imaging, we analyzed transverse sections stained 
with ZO-1 and rhodamine-phalloidin. All p53 and FIP5a morphants had a swim bladder, 
however the apparent stage of swim bladder development, and therefore the size of the 
swim bladder, was greatly decreased upon FIP5a knockdown (Figure 19D-F). p53 
morphants at 4 dpf have an air-inflated swim bladder, and thereby the size of the swim 
bladder is dramatically increased relative to that of the FIP5a morphants' (Figure 19D-
E\F). In FIP5a-depleted zebrafish, the swim bladder appears to be in the elongation 
phase, where it adopts a "sac-like" morphology, which is observed in wild-type larvae at 
3 dpf (Figure 19E). The width of the swim bladder at its widest point averaged 206.6 µm 
± 15.4 µm in the wild-type p53 morphants (Figure 19F). The average width of the FIP5a 
morphant's swim bladder was 100.4 µm ± 5.4 µm, which is greater than a 50% decrease 





Figure 3.19. FIP5 is required for air inflation of the swim bladder by 4 dpf. Lateral 
whole mount images of p53 MO- (A) and FIP5 MO-injected (B) larvae at 4 dpf. Arrow 
points to the externally visible swim bladder. (C) Data is presented as the percentage of 
fish with an externally visible swim bladder at 4 dpf. (p53 morphants, n = 212; FIP5 
morphants, n = 179). Transverse cross-sections of the swim bladder in p53 control 
morphants (D) and FIP5 morphants (E). Sections were processed for 
immunohistochemistry and visualized with anti-ZO-1 antibody (green) and Hoechst 
nuclear stain (blue). Quantitation of the width of the swim bladder at its widest point in 
p53 MO control and FIP5 MO-injected embryos at 4 dpf. Each data point represents the 
mean width of 4 measurements taken within the swim bladder of the same zebrafish. 




These data implicate a role for FIP5a in swim bladder morphogenesis and/or the inflation 
of the swim bladder with air.  
 The initial air-inflation step of swim bladder development induces a 
morphological change resultant from the zebrafish taking a gulp of air from the surface of 
the water (Winata et al., 2009). The air-inflated swim bladder has an expanded lumen 
surrounded by a thin layer of epithelial cells (Figure 19D). As the swim bladder is a vital 
organ for the developing zebrafish, failure of swim bladder inflation has been reported to 
strikingly impact the survival of zebrafish larvae (Follo et al., 2011; Robertson et al., 
2007; Teoh et al., 2010). It remains to be determined whether FIP5a knockdown induces 
a delay in swim bladder inflation, or if it completely abrogates inflation. Interestingly, the 
ability of the swim bladder to inflate has recently been linked to the ability of the tissue to 
properly traffic complexes of lipids and proteins called surfactants, that act as an anti-
adherent within this inflating and deflating organ (Perrin et al., 1999; Prem et al., 2000; 
Veldhuizen et al., 1998). Within mammalian lungs, apically expressed pulmonary 
surfactants reduce surface tension at the air/liquid interfaces within alveoli, preventing 
alveolar collapse (Clements, 1977). 
SNX18 is Present in the Intestinal Bulb and is Depleted upon FIP5 Knockdown  
 Previous work completed by our lab in the MDCK polarized cell culture system 
has identified sorting nexin 18 (SNX18) as a FIP5 binding effector protein capable of 
membrane tubulogenesis (Willenborg et al., 2011). As an in vivo extension of this 
research, we set out to identify the role SNX18 plays during early zebrafish development. 
While the Phox-homology domain-containing sorting nexin family of proteins has been 
heavily implicated in the many subprocesses of endocytosis in cell culture (Bonifacino 
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and Hurley, 2008; Cullen, 2008; Seet and Hong, 2006), little is known about the roles 
sorting nexins (SNXs) play in vivo - especially in zebrafish. Thus far, only three SNXs 
have been investigated in zebrafish, with the proposed functions of these SNXs ranging 
from the negative regulation of apoptosis (Xu et al., 2012) to blood vessel development 
(Yoo et al., 2006) and left-right organ patterning (Chen et al., 2012).  
 Danio rerio express two SNX18 transcripts: SNX18a and SNX18b. To elucidate 
the role of SNX18b in zebrafish, we generated an antisense DIG-labeled RNA probe 
complementary to the region of SNX18b that is most divergent from SNX18a. Our 
preliminary data from RNA in situ hybridizations indicate that SNX18b expression, like 
FIP5a expression, is dynamic throughout the first four days of zebrafish embryogenesis. 
By 2 dpf, SNX18b transcripts are present fairly ubiquitously throughout the tissues of the 
developing zebrafish (Figure 20A and transverse sections not shown). At 4 dpf, SNX18b 
expression is enriched in the brain, pharynx, and throughout the developing alimentary 
canal (Figure 20B and transverse sections not shown), with enrichment in the intestinal 
bulb (Figure 20C and transverse sections not shown). To support these data of RNA 
expression, we utilized an antibody generated against human SNX18 (Willenborg et al., 
2011), which we found to be reactive to zebrafish SNX18 in both western blotting (data 
not shown) and immunofluorescence imaging. Transverse sections of 4 dpf (Figure 20D-
F) wild-type embryos reveal that zebrafish SNX18 is present throughout the developing 
intestine, as depicted by sections processed and imaged at the levels of the intestinal bulb 
(Figure 20D), mid-intestine (Figure 20E), and posterior intestine (Figure 20F). 
Furthermore, SNX18 is present in the intestinal bulb throughout the process of 




Figure 3.20. SNX18 is present in the zebrafish intestine at 4 dpf. Lateral whole mount 
images of 2 dpf (A) and 4 dpf (B) wild-type larvae processed for RNA in situ 
hybridization to detect SNX18b expression through use of a DIG-labeled antisense 
SNX18b probe. (C) Higher magnification of SNX18b expression in the intestinal bulb of 
(B). Transverse sections of the intestinal bulb (D), mid-intestine (E), and posterior 
intestine (F) of 4 dpf wild-type larvae that have been processed for 
immunohistochemistry and stained with anti-SNX18 antibody. Sections were processed 
for immunohistochemistry and stained with anti-SNX18 antibody (F-G, left panels, and 
green in merge panels) and rhodamine-phalloidin (F-G, middle and right merge panels, 
red actin staining). 
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throughout the intestinal bulb, with slight enrichment around the site of the forming 
lumen (Figure 21A). By 3 dpf, SNX18 has become apically localized in distinct puncta 
reminiscent of apical endosomes (Figure 21C), which remain through 4 dpf (Figure 21E-
F).  
  To determine whether FIP5a might interact with zebrafish SNX18 during 
intestinal bulb morphogenesis, SNX18 was assessed in FIP5 morphants. At 2 dpf, SNX18 
is localized diffusely throughout the primordial intestinal bulb with enrichment around 
the regions of lumen demarcation (Figure 21B), as observed in control embryos. By 3 
dpf, however, SNX18 appears to be diminished in the intestinal bulb (Figure 21D). The 4 
dpf intestinal bulb shows a reduced amount of SNX18 as compared to p53-only injected 
morphants (Figure 21G), however, the SNX18 visualized is enriched in apically-localized 
compartments (Figure 21H), as observed in control larvae (Figure 21F). Together, these 
data implicate a role for SNX18 in the developing zebrafish intestinal tract, that is likely 
regulated by FIP5a.  
 
Discussion 
 Rab11 is a well-established regulator of apical-directed membrane trafficking in 
epithelial cells (Prekeris, 2003) and has been implicated in the establishment and 
expansion of the apical lumen (Desclozeaux et al., 2008). Rab11's function is delineated 
by its binding to specific effector proteins, the Rab11-FIPs (Prekeris, 2003; Tarbutton et 
al., 2005). Human FIP5 has been shown to bind Rab11 (Prekeris et al., 2000), which 
contains an active site that is conserved across humans, mice, and zebrafish (Clark et al., 




Figure 3.21. SNX18 is depleted in the intestinal bulb of FIP5 morphants by 3 dpf. 
Transverse sections of the developing intestinal bulb at 2 dpf (A-B), 3 dpf (C-D), and 4 
dpf (E-H) p53-only (A, C, E, and F) or FIP5 ATG-injected (B, D, G, and H) larvae. 
Sections were processed for immunohistochemistry and stained with anti-SNX18 
antibody (left panels and green in merge panels) and rhodamine-phalloidin (middle 
column and right merge panels, red actin staining). (F and H) Higher magnification of 
SNX18 staining in E and G, respectively.  
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by regulating the formation and scission of transport vesicles containing apical proteins 
from apical recycling endosomes (Willenborg et al., 2011). We propose that the zebrafish 
FIP5 homolog, FIP5a, binds Rab11 and acts in the establishment of epithelial polarity 
within the intestinal bulb via apical-directed membrane trafficking during early zebrafish 
development. Here, we establish that FIP5 is required for the proper polarization, and 
thereby the organization and morphology of, the intestinal bulb of the developing 
zebrafish.  
 Rab11 has only been studied in the zebrafish model organism within the last few 
years, yet it has already been implicated in zebrafish ciliogenesis (Westlake et al., 2011), 
synapse formation (Gordon et al., 2012) and cell polarity (Li et al., 2012). Recently, a 
zebrafish transgenic line expressing EGFP-Rab11a was generated (Tg(h2afx:EGFP-
Rab11a)
mw6
) and used to confirm that Rab11a is localized to recycling endosomes and 
trafficking organelles in zebrafish in the pericentriolar region located near the apical 
surface of the cell (Clark et al., 2011), mirroring what has been reported in MDCK cells 
(Ullrich et al., 1995). Additionally, Rab11a dominant negative (Rab11aDN, 
Tg(UAS:mCherry-Rab11a S25N)
mw35
) and Rab11a constitutively active (Rab11aCA, 
Tg(UAS:mCherry-Rab11a Q70L)
mw36
) transgenic lines were created using a UAS 
promoter-driven system to allow for the temporal regulation of tissue-specific expression. 
As observed in Drosophila (Marois et al., 2006; Zhang et al., 2007), tissues expressing 
the Rab11aCA transcript exhibited enlarged Rab11aCA-positive endosomes (Clark et al., 
2011). Upon expression of the Rab11aDN transcript, polarity establishing protein 
Crumbs2a (Bulgakova and Knust, 2009) exhibited severe mislocalization and the cells 
showed defects in establishing apicobasolateral polarity (Westlake et al., 2011). This 
139 
 
phenotype is consistent with data from Rab11 mutant flies, in which the formation of the 
apical cell junctions is severely disrupted with mislocalization of Crumbs (Roeth et al., 
2009).  
 Because FIP5 is an apically-localized protein that regulates apical lumen 
formation in MDCK cells via the hollowing model, we hypothesized that FIP5 may be 
present and function in the zebrafish intestine, an epithelial organ that also uses 
apoptosis-independent lumen generation. Indeed, visualization of FIP5a RNA expression 
patterns reveal that it is expressed in the developing zebrafish intestine during 
development. The use of morpholino oligonucleotides complementary to the translation 
start region of FIP5a allowed us to determine the role of FIP5a in intestinal 
morphogenesis, which preliminary evidence from a second FIP5-targeting morpholino 
confirms. Depletion of FIP5a resulted in a pervasive phenotype characterized by regions 
of the intestinal bulb showing layers of nonpolarized cells disorganized and stacked upon 
one another. Furthermore, a small percentage of FIP5 morphants had regions of multiple 
lumens within the intestinal bulb along with the disorganized, stratified phenotype.  
 In light of the finding that FIP5a knockdown results in a decreased intestinal bulb 
width, nuclear counts were performed to determine if there was a potential 
hyperproliferation phenotype induced upon FIP5 knockdown. There was there no 
evidence for hyperproliferation; surprisingly, we found the opposite. Our preliminary 
data from BrdU incorporation assays indicates a potential role for FIP5 in proliferation, 
as FIP5 knockdown resulted in a significantly decreased percentage of intestinal bulb 
cells existing in S-phase. A role for FIP5a in the regulation of the cell cycle is plausible, 
as FIP5 has been identified on endosomes delivered to the midbody during cytokinesis 
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(Schiel et al., 2012). Moreover, there is conflicting evidence of FIP5 potentially binding 
to Rab14 GTPase, which is also present in the midbody of cells during cytokinesis (Jing 
et al., 2010; Kelly et al., 2010). Interestingly, zebrafish FIP4a has been shown to regulate 
cell cycle exit, with knockdown of FIP4a resulting in decreased proliferation in the neural 
retina (Muto et al., 2006).  
 Of late, evidence has been accumulating indicating that a delay in the 
establishment of polarity is capable of altering the preferred mechanism of lumen 
formation for a given cell type. For example, it has been shown that the chosen 
mechanism of lumen formation in MDCK cells depends on the ability of the cells to 
quickly polarize (Martin-Belmonte and Rodriguez-Fraticelli, 2009; Martin-Belmonte et 
al., 2008). When plated in an ECM that provides the appropriate factors for epithelial 
polarization, such as Matrigel, polarized cysts rapidly form without the use of apoptosis 
as a lumen-clearing mechanism. In this case, the secretion of lumenal proteins, such as 
gp135, induces the separation of the apical membrane via the hollowing mechanism. 
However, when MDCK cells are plated in a stiffer, less-differentiated matrix such as 
collagen, there is a delay in polarization, which is likely effected by the necessity of the 
cells to now form their own ECM factors to allow polarization. This delay results in the 
accumulation of cells in the apical lumen upon polarization of the cyst, which leads to 
apoptosis of these excess cells, and thus cavitation (Martin-Belmonte et al., 2008).  
 Our data clearly show that FIP5 depletion results in the delay in or abrogation of 
the normal mechanisms of polarization in the intestinal bulb. Tight junctions are not 
properly formed by 2 dpf in the developing intestinal bulb, and apicobasolateral polarity 
has not been fully established by 4 dpf in FIP5 morphants. This is likely an example of a 
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tissue needing to use alternative pathways for organogenesis upon the knockdown of key 
morphological factors. It is possible that a wild-type intestine forms via hollowing 
because the speed with which polarity is established allows it to. TUNEL staining will be 
conducted to determine if FIP5 depletion has induced apoptotic clearing of nonpolarized 
cells, which would indicate either a switch to the cavitation method of lumen formation, 
or the use of both methods concomitantly.   
 Additionally, the presence and localization of SNX18 in the intestinal bulb during 
early lumenogenesis in zebrafish implicates a potential role for SNX18 in intestinal 
organogenesis. Moreover, the resultant depletion of SNX18 in the intestinal bulb in FIP5 
morphants indicates a potential FIP5-dependent mechanism of SNX18 regulation in vivo, 
as was observed in vitro.  
 Of note, our analysis of staining marking the apical brush border of absorptive 
cells (enterocytes) was largely decreased in FIP5 morphants. By 4 dpf, intestinal cells are 
differentiating and express cell-type specific markers. While FIP5 morphants showed 
areas of apical brush border marker staining, instead of its normal apical localization on 
the plasma membrane, it localized intracellularly in what appear to be large vacuoles. 
This is highly reminiscent of recent evidence of FIP5's action in human microvillus 
inclusion disease (MVID), a rare congenital disease of the enterocytes within the small 
intestine. Analysis of tissue samples from patients with MVID reveal a striking depletion 
of the normally expressed Rab11a and FIP5 within absorptive enterocytes of the small 
intestine, both of which normally accumulate in the apical region of these cells, 
colocalizing with myosin Vb (Szperl et al., 2011). Furthermore, these cells have large 
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apical cytoplasmic inclusions similar to the large areas of apical protein accumulation 
seen in zebrafish upon FIP5 knockdown.  
 Myosin Vb is capable of regulating the spatial organization of Rab11a-positive 
recycling endosomes, and knockdown of myosin Vb in Caco-2 cells results in MVID 
phenotypes (Ruemmele et al., 2010). This brings into question the possible link between 
FIP5 and myosin Vb in the intestinal bulb, as dRip11 and myosin Vb are known to work 
together in apical transport in Drosophila, where there exists only one class I FIP 
(Beronja et al., 2005; Li et al., 2007; Satoh et al., 2005). It is plausible that FIP5's 
mechanism of action in the zebrafish intestine is via transport of apical cargoes from the 
Rab11- and myosin Vb-positive recycling endosomes to the apical plasma membrane 
domain. Kinesin-2, an established FIP5-binding motor (Schonteich et al., 2008), might be 
the means of FIP5-positive apical cargo transport to the myosin Vb-positive apical 
recycling endosomes at the apical plasma membrane.  
 In summary, we propose that during normal intestinal bulb lumenogenesis in the 
zebrafish, apical proteins are transported to FIP5-positive apical recycling endosomes. 
From here, apical proteins are sorted into FIP5-positive carriers that are directed to the 
central meeting point of the cells via Kinesin-2 transport, where they fuse and form the 
apical lumen. Upon FIP5 knockdown however, apical proteins are accumulated in 
recycling endosomes, incapable of being transported to the apical plasma membrane and 
aid in the establishment of cell polarity. Here, the myosin Vb-positive recycling 
endosomes become enlarged reservoirs of apical markers sequestered intracellularly, thus 
preventing appropriate tissue polarization. Although the exact mechanisms of intestinal 
morphogenesis and lumen formation have not yet been established, it is evident that 
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Rab11, and its binding FIPs, play an important role in the interface of epithelial 




CONCLUSIONS AND FUTURE DIRECTIONS 
 
Conclusions 
 During the morphogenesis of the epithelial lumen, apical proteins are thought to be 
transported via endocytic compartments to the site of the forming lumen, although the machinery 
mediating this transport remains to be elucidated. Rab11 GTPase and its binding protein, FIP5, 
are important regulators of polarized endocytic transport. We have identified sorting nexin 18 as a 
novel FIP5-interacting protein and have characterized the role of FIP5 and SNX18 in epithelial 
lumen morphogenesis in MDCK cells. We have shown that FIP5 mediates the transport of apical 
proteins from apical endosomes to the apical plasma membrane, and along with SNX18, 
is required for the early stages of apical lumen formation. Furthermore, both proteins 
bind lipids, and FIP5 promotes the capacity of SNX18 to tubulate membranes, implying a 
role for FIP5 and SNX18 in endocytic carrier formation and/or scission. Our findings in 
cell culture support the hypothesis that this FIP5-SNX18 complex plays a pivotal role in 
the polarized transport of apical proteins during apical lumen initiation in epithelial cells.  
 Following our analysis of FIP5 action in MDCK cells, we sought out to determine 
whether FIP5 is a regulator of epithelial morphogenesis in vivo. Since intestinal 
morphogenesis in Danio rerio occurs in the absence of apoptosis (Ng et al., 2005), as it 
does in MDCK cells plated in Matrigel, our studies were focused on determining the role 
of FIP5 during zebrafish intestinal development. We have shown that FIP5 expression is 
enriched in the zebrafish intestinal bulb, and that FIP5 is required for the transport of 
apical proteins to the site of the forming lumen during the early stages of apical 
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lumenogenesis in the intestinal bulb. Additionally, as FIP5 depletion results in the 
accumulation of apical proteins in large endosomes or vacuoles, we have identified a 
possible mechanism of FIP5 action in vivo, via FIP5-dependent apical endocytic carrier 
formation. Moreover, this process of apical endocytic carrier formation might be via 
FIP5-dependent regulation of SNX18.  Furthermore, we have found FIP5 to be involved 
in the air inflation of another endodermal epithelial organ, the swim bladder. These 
findings collectively support our hypothesis that FIP5 is a key regulator of 
apicobasolateral polarization via its role in apical protein transport during the initial 
stages of lumenogenesis in the zebrafish intestinal bulb.   
 
Future Directions 
 Despite the advances our research has provided the field, there is still relatively 
little known about FIP5's mechanism of action. A deeper understanding of FIP5 action, 
and the results of FIP5 loss or knockdown will allow us to further our knowledge base in 
regards to membrane trafficking, and thereby human disease states caused by membrane 
trafficking defects. Rab11 has been implicated in a number of diseases, including 
polycystic kidney disease (Gerdes et al., 2009), Huntington's disease (Steinert et al., 
2012), attention deficit hyperactivity disorder (Matthies et al., 2010), cystic fibrosis 
(Silvis et al., 2009), and Charcot-Marie-Tooth disease (Roberts et al., 2010) to name a 
few. However, despite the recent surge in Rab11-associated diseases, few disease states 
have been linked to the specific FIP involved with Rab11. In fact, the single disease state 
that is currently known to involve (though likely only in an indirect manner) FIP5 is 
human microvillus inclusion disease (Szperl et al., 2011).  
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 Further research needs to be conducted in cell culture to more thoroughly 
characterize FIP5's mechanism of action in polarized transport. While we have identified 
FIP5's role in the exit of cargo from recycling endosomes, and its role in vesicle scission 
in coordination with SNX18, much remains unknown about FIP5-regulated transport. 
The mechanism of FIP5-positive vesicle targeting to the apical plasma membrane, and 
the proteins involved in this process, remain unknown. Additionally, the microtubule and 
actin-based motors used to transport FIP5-associated cargo have not yet been identified. 
Another gap in our knowledge of FIP5 transport lies in the vesicle tethering proteins 
utilized to dock FIP5-positive vesicles on the plasma membrane. Sec15, a subunit of the 
Exocyst complex, has been identified as a Rab11-binding protein (Schonteich et al., 
2008), and recent evidence suggests that the transport of Rab11a-positive gp135 vesicles 
to the apical plasma membrane is an Exocyst-regulated event (Bryant et al., 2010). Our 
data shows FIP5-based apical transport of gp135 in MDCK cells, however a clear link 
between FIP5-positive vesicles and the Exocyst complex remains to be made. 
Furthermore, the mechanism of FIP5 regulation remains unknown. While 
phosphorylation has been shown to regulate the subcellular localization of FIP5 (Prekeris 
et al., 2000), exact phosphorylation sites and acting kinase(s) have only begun to be 
studied (Collins et al., 2005; Sugawara et al., 2009).  
 Another area of interest is the identification of all factors that act to recruit FIP5 
to the membrane of the recycling endosome. While we have found FIP5 to bind lipids, no 
selectivity for specific phosphatidylinositides was observed in vitro. Further analysis of 
FIP5's localization on membranes in reference to lipid composition in vivo would allow 
us to determine whether FIP5 is recruited to areas of specific  membrane composition. 
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Moreover, further identification and analysis of FIP5's binding partners is needed to 
elucidate FIP5's mechanism of action during apical lumen formation. Recent evidence 
indicates that one possible explanation for the initiation and expansion of the apical 
lumen is through regulated apical membrane biogenesis (Lubarsky and Krasnow, 2003; 
Stainier et al., 1996), in which FIP5 might play a role. Recently, Rab11a has been shown 
to be required for Cdc42 activation at the apical lumen, which is thought to be a 
conserved polarity-establishing event (Bryant et al., 2010). However, no FIPs have yet 
been identified in association with Rab11 during this process.  
 Our finding that FIP5a regulates the transport of apical proteins during intestinal 
bulb morphogenesis in the zebrafish now raises the possibility that other FIP5a binding 
proteins identified in cell culture might be important for FIP5a function in zebrafish. For 
example, we have identified SNX18 as a FIP5 effector of protein transport in cell culture, 
likely via its membrane tubulating activity. Investigation is needed to determine whether 
or not zebrafish SNX18a/b is capable of inducing tubulation, and if zebrafish FIP5a 
regulates SNX18's ability to induce tubules. Preliminary analysis of SNX18b in zebrafish 
reveals that SNX18b is localized throughout the zebrafish intestine, as is FIP5a, thus 
leaving the possibility of a FIP5a-SNX18b complex acting during lumenogenesis in the 
zebrafish. Furthermore, investigation into FIP5 associated molecular motors, Kinesin-2 
and myosin Vb, is needed to establish a more concrete mechanism of FIP5-directed 
transport in vivo. Kinesin-2 has been identified as a FIP5 binding protein (Schonteich et 
al., 2008), and its subunits have recently been implicated in the formation of different 
subsets of cilia in zebrafish tissues (Zhao et al., 2012). The role of Kinesin-2 in non-
ciliary transport in zebrafish, and its ability to function in concert with FIP5a in this 
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model organism, remain unknown. Additionally, there exists a link between FIP5 and 
myosin Vb in human microvilli inclusion disease. It remains to be determined whether 
this link is observed in zebrafish. Further study of myosin Vb in wild-type and FIP5a 
morphant zebrafish would allow us to further clarify FIP5's mechanism of action, as well 
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